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FOREWORD 


This  text  was  written  to  be  "self  contained"  For  use  in  a  course 
titled  Dynamic  Parameter  Analysis  at  the  USAF  Test  Pilot  School.  rxtenr.iv('' 
use  of  references  is  made  since  the  material  tends  to  be  quite  teclinical  in 
nature  and  most  current  inforuHtion  is  available  only  in  engineering  or 
flight  test  reports.  The  course  is  not  currently  being  taught. 

Comnents,  corrections,  and  suggestions  from  students  and  other  readers 
of  this  material  are  solicited. 

RAYMOND  L.  JONES 
Curriculum  Advisor 
USAF  Test  Pilot  School, 

TEN,  Stop  209 

Edwards  AFB  CA  93523 

AUTOVON  350-2803  or  (805)  277-2803 
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SECTION  1 


FOUNUATTONS  OF  DYNAMIC  PARAMCIER  ANALYSIS 


INTRODUCTION 

The  tern  "dynamic  parameter  analysis"  is  used  in  this  course  to  mean 
a  discussion  of  (1)  the  general  systems  identification  problem,  (2)  para¬ 
meter  estimation  techniques,  and  (3)  parameter  analysis  methods.  Systems 
identification  is  the  determination  of  the  characteristics  of  a  physical 
system,  from  experimental  test  data.  Parameter  estimation  techniques  are 
methods  used  in  systems  identification  problems,  and  parameter  analysis 
is  putting  the  results  of  these  experiments  to  good  use. 

Tne  application  of  systems  identification  and  parameter  estimation 
techniques  to  aircraft  flight  testing  is  simply  the  process  of  obtaining 
quantitative  measures  of  various  aircraft  characteristics.  More  specifi¬ 
cally,  it  is  often  the  determination,  or  extraction  of  stability  and  con¬ 
trol  derivatives  from  fli^t  test  data.  This  process  is  also  called 
parameter  identification  in  some  current  literature  and  at  the  AFFTC.^*^^’ 

The  need  for  determining  aircraft  parameters  from  flight  test  measure¬ 
ments  has  existed  since  before  the  Wright  brothers  first  flight.  In  1894 
Chanute  concluded  that  whoever  solved  the  problem  of  pf^wei’ed  flight  would 
have  to  go  into  the  air  to  determine  under  what  circumstances  equilibrium 
could  be  maintained. Wilbur  and  Orville  Wright  did  this  in  1903 
after  beconing  first  engineers,  then  scientists,  and  finally  test  pilots. 

By  1929  even  the  general  public  believed  that  a  new  design  would  fly,  but 
quantitative  measures  of  "good"  and  "bad"  about  designs  was  necessary  so 
that  future  designs  could  be  improved.^  Flight  test  has  always  been 
important  in  advancing  aircraft  technology.  Unfortunately,  most  of  the 
aircraft  characteristics  of  interest,  such  as  the  aerodynamic  and  propul¬ 
sive  forces  and  moments,  cannot  be  directly  measured  in  flight.  For 
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evaluation  it  has  been  necessary  to  develop  ccsnnputational  techniques  that 
use  measureable  quantities,  such  as  the  motion  resulting  frcm  a  change  in 
a  force  or  moment. 

The  advantage  and  benefits  of  developing  a  ccnplete  mathematical 
description  of  an  aircraft's  stability  and  control  characteristics  have 
been  recognized  by  the  fli^t  test  community  for  a  long  time.  This  tech¬ 
nology  makes  it  possible  to  (1)  develop  and  verify  flying  quality  criteria, 
(2)  extrapolate  fli^t  characteristics  dependably,  (3)  optimize  aircraft 
performance  efficiently,  (4)  give  engineering  and  operational  simulators 
more  accuracy  and  higfier  fidelity,  (5)  reduce  fli^t  test  time  required 
to  assess  aircraft  fli^t  characteristics,  and  (6)  provide  a  data  base 
for  improving  analytical  and  wind  tunnel  estimates. 

Flight  test  determined  stability  and  control  data  are  also  used  at 
the  AFFTC  for  aircraft  comparison,  and  verification  of  contractor  com¬ 
pliance  with  guarantees  and  requirements  such  as  the  Military  Flying 

151 

Quality  Specification,  MIL-F-8785C. 

Variations  in  stability  and  control  characteristics  also  relate  to 
pilot  opinions  of  flying  qualities.  T'le  term  "flying  qualities"  in  this 
text  is  used  to  encanpass  the  subjects  of  "stability  and  control"  and 
"handling  qualities."  This  distinctica  is  discussed  in  detail  in  Reference  2 

There  are  nany  possible  approaches  to  the  problem  of  obtaining  flying 
quality  data  and  the  search  for  more  accurate  and  efficient  methods  con¬ 
tinues.  The  evolution  of  techniques  has  been  motivated  primarily  by  the 
changing  nature  of  the  dominant  aircraft  dynamics  as  higher  performance 
was  attained,  and  also  by  the  desire  to  have  more  effective  techniques  in 
terms  of  improved  accuracy,  improved  efficiency,  and  reduced  costs. 

Recently,  the  availability  of  highly  automated  data  acquisition  systems 
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has  enabled  the  development  of  techniques  to  extract  useable  flying -quality 
information  efficiently.  Most  flight  test  organizations  now  have  experi¬ 
ence  with  one  or  more  parameter  estimation  techniques  to  determine  air¬ 
craft  stability  and  control  derivatives,  inflight  characteristics  of  the 
control  system,  or  the  overall  system  transfer  function. 


BAa<(’, ROUND 

This  section  traces  the  key  developments  primarily  in  the  Unitc^d  .‘'.t.ite: 
in  the  technology  of  detomining  djmardc  aircraft  Mrancters  from  f  1  i  s’lrl 
test.  Specifically,  the  discussion  will  be  oriented  tow<;ard  developmt^iil. 
of  the  techniques  used  for  the  extraction  of  stability  derivatives  and 
the  development  of  flying  quality  requirements. 


In  December  1907 ,  the  United  States  Anriy  Signal  Corps  issued  Signal  Corps 

Specification  486  for  procurement  of  a  heavier-than-air  flying  machine.  The 

specification  stated,  ’^During  this  trial  flij^t  of  one  hour  it  must  be  steered 

in  all  directions  without  difficulty  and  all  times  be  under  perfect  control 

and  equilibrium.”  This  was  clearly  a  fli^t  demonstration  requirement*^^ 

The  Air  Force  Li^twei^t  Fighter  Request  for  Proposal  in  1972  in  addressing 

stability  and  control  specified  only  that  the  aircraft  should  have  not  handling 

qualities  deficiencies  viiich  would  degrade  the  accomplishnent  of  its  air 
.  .  .  92,  108  ^ 

superiority  mission.  In  response,  the  contractor  predicted  that  the 

handling  qualities  of  the  prototype  would,  ”...  permit  the  pilot  to  naneuver 
•  •  92  109 

with  complete  abandon.”  ’  The  requirements  placed  on  the  Wright  Flyer  and 
the  Li^twei^t  Fighter  contractor’s  flying  quality  predictions  were  remarkably 
similar.  From  these  examples,  one  mi^t  assume  that  the  art,  or  scdence  of 
specifying  flying  quality  requirements  has  not  progressed  since  1907.  However, 
such  simplistic  approaches  to  flying  quality  specification  can  lead  to  unde- 
sireable  results.  The  F-16  developed  for  the  Li^twei^t  Filter  proposal  has 
been  used  as  a  ’’Lessons  Learned”  example  of  hew  not  to  optimize  and  fli^t  test 
aircraft  with  highly  augmented  control  systems 

The  vhole  problem  of  aircraft  d3/naniics  was  put  on  a  rigorous  nathenetical 

basis  in  1311.  British  mathematician  Bryan  introduced  the  concept  of  stability 

derivatives  and  uncovered  the  nature  of  airplane  natural  frequencies.  Bryan's 

work  was  the  real  foundation  for  subsequent  mathematical  approaches  to  the 
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problem  of  aircraft  dynamics.  ’ 

In  1912 ,  Baristow  and  Jones  brought  the  aircraft  equations  of  motion  into 
the  usual  dimensional  form  seen  today.  ^  They  also  showed  that  there  were 
independent  longitudinal  and  lateral— directional  solutions.  Since  then  nony 
researchers  have  nondimensionalized  these  equations  in  nany  ways.® 
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BACKGROUND 

This  section  traces  the  key  developments  primarily  in  the  United  States  in 
the  tecJinology  of  determining  dynamic  aircraft  parameters  from  fli^t  test. 
Specifically,  the  discussion  will  be  oriented  toward  development  of  the  techniques 
used  for  the  extraction  of  stabilit^'^  derivatives  and  the  development  of  flying 
quality  requirements. 

In  Decfimber  1907  the  United  States  Army  Signal  Corps  issued  Signal  Corps 
Sjxicifi.cation  986  for  pixx:;ur'cm(ait  of  a  heavier-than-air  Qying  mchine.  Tlic> 
3i:)ecification  stated,  "During  this  trial  flight  of  one  hour  it  must  be  steered 

in  all  directions  without  difficulty  and  at  all  times  be  under  perfect  conlir)! 

....  39 

and  equilibrium."  Tins  was  clearly  a  fli^t  demonstration  requirement. 

The  Air  Force  Lightweight  Fighter  Request  for  Proposal  in  1972  in  addressing 

stability  and  control  specified  only  that  the  aircraft  should  have  no  handling 

qualities  deficiencies  which  would  degrade  the  accomplishment  of  its  air 

92  108 

superiority  mission.'  ’  In  response,  the  contractor  predicted  that  the 

handling  qualities  of  the  prototype  would,  "  ...  permit  the  pilot  to  maneuver 

92  109 

with  complete  abandon."  ’  The  requirements  placed  on  the  Wright  Flyer  and 

the  Lightweight  Fighter  contractor’s  flying  quality  predictions  were  renerkably 
similar.  From  these  examples,  one  mi^t  assume  that  the  art,  or  science  of 
specifying  flying  quality  requirements  has  not  progressed  since  1907. 


The  wfiole  problem  of  air’crtift  c]ynamics  was  put  on  a  rigorous  nathemat  i.cal 

basis  in  1911.  British  mathemtician  Bryan  introduced  the  concept  of  stalulity 

derivatives  and  uncovered  the  nature  of  airplane  natural  frequencies.  Bryan's 

work  was  the  real  foundation  for  subsequent  mathematical  approaches  to  the 
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problem  of  aircraft  dynamics.  ’ 

In  1912  Baristow  and  Jones  brought  the  aircraft  equations  of  motion  into 

the  usual  dimensional  form  seen  today. ^  They  also  showed  that  there  were 

independent  longitudinal  and  lateral-directional  solutions.  Since  then  many 

0 

researchers  have  nondimensionali.zed  these  equations  in  inany  ways. 
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TiKj  (.•arly  days  of.  nvinried  f  light  faTC  d.i .scii:;sacl  very  wel'l  in  Roforvaioo  (.. 
Aj.rerafL  of  tlie  1910-19,12  time  ].xiriod  ind  inadequate  stability,  mor’eovei’ 


BLERIOT  The  famed  cross-channel  model  on  which  Louis  Bleriot 
new  the  English  Channel  in  1909  was  powered  with  a  20- 
25-h*p.  Anzani  radial  engine. 


CURTISS  The  Curtiss  JN-2  was  predecessor  to  the  famed  JN4*H 
‘‘Jenny.**  Most  famous  U.S.  training  plane  of  World  War  I. 


BBHAVILLAND  D.H.4  400-h.p.  Liberty  engine.  Used  by  Brit¬ 
ish  and  U.S.  air  arms  as  a  long-range  bomber-fighter. 


Figure  1:  Early  Aircr^  f t  Tested 


fi0,91 
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Early  wind  tunnel  tests  during  the  period  1912-1916  determined  that 
the  Curtiss  JN-2  and  Bleriot  MDnoplane  (See  Figure  1)  were  directionally 
stable  and  that  they  had  positive  dihedral  effect;  however,  no  effort 
was  made  to  relate  control  power  with  basic  stability. It  was  apparent 
that  the  investigators  had  generated  considerable  data  but  were  unsure 
how  to  interpipet  it.  Their  principal  measures  of  stability  dealt  with 
phugoid  dan^iing  and  spiral  convergence.  Their  conclusion  was  that  an  air¬ 
craft  should  have  a  little  stability,  but  not  much.  They  also  stated 
that  the  levels  of  stability  required  could  not  be  decided  upon  until 
there  had  been  correlation  with  pilot's  experience. 

One  of  the  first  fli^t  tests  for  stability  and  control  was  an  NACA 
pr>ograin  performed  in  1919  by  Warner  and  Norton.  These  tests  were  per¬ 
formed  on  a  Curtiss  JN4H  and  on  a  DeHavilland  DH-4.  The  3Pesearchers  hoped 
to  correlate  the  results  obtained  from  fli^t  tests  with  those  obtained 
earlier  from  wind  tunnel  tests  on  the  Curtiss  JN-2 .  It  is  interesting 
that  the  authors  again  came  to  the  po/int  vdiere,  althou^  they  recognized 
that  the  JN4H  was  longitudinally  unst<ible  and  the  nH-4  stable,  they  were  not 
sure  of  the  significance.^  The  fli^t  test  technique  used  was  to  detei*^ 
mine  elevator  angle  and  stick  force  v<iriations  with  airspeed  change  fran 
trim,  and  to  relate  these  curves  to  stick- fixed  and  stick- free  longi¬ 
tudinal  static  stability.  This  method  remains  today  as  the  prinary  test 
technique  for  determining  conpliance  with  the  longitudinal  static  stability 
requirements  of  MILa-F-8785C.^^’^^^ 

In  1922  Norton  and  Brown  determined  the  roll  control  and  damping 

coefficients  of  a  biplane  by  anailyzing  the  initial  and  steady-state  por- 

•  •  9 

tions  of  a  rolling  iraneuver.  Norton  estimted  the  longitudinal  static 
stability  and  damping  coefficients  by  analyzing  data  fran  a  caiibination 
of  static  maneuvers  and  phugoid  oscillations  in  1923.^^  Soule' and 
Wheatley  appear  to  be  the  first  to  have  determined  all  the  major  longi¬ 
tudinal  stability  and  control  derivatives  of  an  aircraft  frcm  fli^t  test 
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data  and  compared  the  results  with  theoretical  predic1:i.ons. 'Ihe 
analysis  in  each  of  these  last  two  studies  used  simplified  equations  rep¬ 
resenting  one-degree-of-freedan  motion  and  solved  for  one  parameter  at  a 

time,  assuming  values  for  other  parameters  based  on  wind  tunnel  tests  or 
12 

other  fli^t  tests.  This  basic  approach  was  used  with  only  minor  changes 

up  to  the  mid- 1940s.  In  the  late  1930s  flying  quality  requirements 

appeared  in  a  single  but  all  encompassing  statement  appearing  in  the  Army 

Air  Corps  designers  handbook:  ’’The  stability  and  control  characteristics 

39 

should  be  satisfactory." 

In  1940  the  NACA  concentrated  on  a  sophisticated  program  to  correlate 

aircraft  stability  and  control  charact eristics  with  pilots’  opinions  on 

the  aircraft's  flying  qualities.  They  determined  parameters  that  could 

be  measu2?ed  inflight  which  could  be  used  to  quantitatively  define  the 

0 

flying  qualities  of  airplanes.  At  this  time,  the  most  important  aero¬ 
dynamic  characteristics  could  be  measured  inflict  with  acceptable  accuracy 

12 

by  analyzing  steady-state  conditions.  The  NACA  also  started  accumulating 
data  on  the  flying  qualities  of  existing  aircraft  to  use  in  developing 
design  requirements. 

Probably  the  first  effort  to  set  down  an  actual  specification  for 

0 

flying  qualities  was  performed  by  Warner  for  the  Douglas  DC-4  development. 
During  World  War  II  both  research  branches  of  the  Army  Air  Corps  and  Navy 
became  involved  in  flying  quality  developnent  and  started  to  build  their 
own  capabilities  in  this  area.  An  important  study  headed  by  Gilruth 

13 

published  in  1943  was  the  culmination  of  all  of  this  work  up  to  that  time. 

This  study  was  supplemented  by  additional  stability  and  control  tests  con- 

.  14 

ducted  at  Wright  Field  imder  the  auspices  of  Perkins.  Shortly  there¬ 
after  the  first  set  of  Air  Corps  requirements  were  issued  as  a  result  of 
joint  effort  between  the  Army  Air  Corps,  the  Navy,  and  NACA.  At  the  same 

time  the  Navy  issue<l  a  similar  specification.  These  specifications  were 

15  39 

superseded  and  revised  in  1945.  ’  Perkins  also  published  a  manual  which 
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presented  methods  for  condueLlii}-;’,  flip, hi  lirdzs  cind  r'Hr'ducing  data  h.)  deiiK.)ii- 

14 

strate  conpliance  with  the  stability  and  control  specification.  This 
nHnual  published  in  1945  is  remarkably  similar  to  the  flvine  nual:Itv 
handbook  currently  in  use  at  the  IIRAF  Test  Pilot  RoheeT.^^’ 


As  hi^er  performance  aircraft  were  being  developed  during  the  1940s 

the  nature  of  aircraft  dynamics  affecting  longitudinal  flying  qualities 

was  changing.  A  conparison  of  tbe  discussions  of  Soule^in  1940  and 

Phillips  in  1949  shows  that  the  dominant  characteristic  shifted  from  the; 

12  17  18 

phugoid  mode  in  1940  to  tbe  short  period  mode  in  1949.  ’  ’  In  fact, 

in  1945  Perkins  concluded  that  the  danping  of  the  phugoid  had  no  correla¬ 
tion  with  the  pilots'  judgement  and  emphatically  stated  that  flight  tests 
of  this  mode  were  not  required;  however,  the  short  period  was  troublesane. 
Stick-fixed  short  period  oscillations  were  normally  heavily  damped,  but 
■die  damping  of  stick- free  oscillations  was  often  reduced  to  a  point  vdiere 
it  could  be  objectionable  to  the  pilot.  It  was  termed  "porpoising"  or 
"elevator  snake"  by  pilots  during  those  days  and  unfortunately  was  some¬ 
times  acGonpanied  by  a  very  rapid  oscillation  of  the  elevator  about  its 
hinge.  This  was  an  early  encounter  with  what  is  presently  defined  as 
control  system  oscillations.  About  'this  time  it  was  also  discovered  'that 
current  techniques  were  inadequate  for  determining  stabili'ty  derivatives 
from  short  period  data  for  heavily  damped  oscillations.  Milliken  pointed 

out  in  1947  that  the  increasing  use  of  automatic  conirrol  systems  required 

19 

more  accurate  modeling  of  the  aircraft  dynamic  characteristics.  In  19>i8, 

■the  accumulated  experience  of  the  war  .md  early  post-war  years  was 

20  39 

used  to  update  -the  military  flying  quali^ty  requirements.  ’ 

The  motivation  to  inprove  ■the  accuracy  of  fli^t  test  results  stimu¬ 
lated  "the  development  of  techniques  for  determining  stabili'ty  and  con'trol 
characteristics  from  flight  data.  In  'the  late  1940s  'through  the  mid- 
1950s,  servomechanism  'theory  was  expanded  rapidly,  and  the  frequency-domain 
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techniques  of  Nyquist  and  Bode  became  popular.  It  was  a  natural  extension 
to  use  frequency-response  techniques  for  determining  the  dynamic  character¬ 
istics  of  an  aircraft  from  flight  test  data.  The  first  approach  was  to 
obtain  a  frequency  response  inflict  by  oscillating  the  aircraft,  using 
the  autopilot,  at  discrete  frequencies  and  measuring  tfie  steady-state 
an5)litude  ratio  and  phase  angle  between  the  control  surface  and  pitch 
rate.  ’  This  was  further  investigated  in  1966  on  test  programs  at  the 
AFFTC  and  in  1967  at  the  USAF  Test  Pilot  School.  At  the  School,  data 
weretaken  by  pilots  oscillating  an  F-104A  aircraft  manually  in-phase  with 
a  timed  tone  broadcast  from  the  groiond.  A  disadvantage  of  this  approach 
was  the  considerable  flight  time  required  to  sweep  throu^  all  the  fre¬ 
quencies  of  interest  at  each  flight  condition.  Seamans 
used  a  method  for  determining  the  aircraft  frequency  response  from  a 
single  transient  response  maneuver  by  ]'’ourier  analysis,  and  Greenberg  dis- 
cussed  several  frequency-response  methods  in  Reference  22.  ’  If  the  air¬ 

craft  frequency  response  or  transfer  function  is  the  final  result  desired 
frcan  flight  test,  these  methods  are  appropriate;  however,  if  stability 

derivatives  are  needed,  another  step  must  be  taken  to  obtain  them  frcm  the 

,  .  12,  19,  23,96,97,98 

measured  frequency  response.  ’  ’  )  »  ? 

Because  the  problem  of  determining  stability  and  control  derivatives  was 

based  on  a  linearized,  small-perturbat Lon  model  of  the  aircraft  dynamics, 

it  was  natural  to  consider  using  a  linear  least-squares  fit  of  flight  data 

22 

to  the  linearized  equations  of  motion  as  Greenberg  did  in  1951.  In  1954 

Shinbrot  developed  a  generalized  least-squares  method  which  encon^jassed 

24 

the  earlier  least-squares  methods  and  had  a  greater  potential.  A  real 
drawback  to  these  methods  at  that  time  was  that  they  involved  extensive 
calculations  vdiich  had  to  be  done  by  hand,  because  digital  ccaiputers  were 
not  yet  available.  Furthermore,  it  was  desirable  to  "fit"  the  equations 
at  many  time  points  in  order  to  obtain  good  accuracy;  this  meant  that  a 
large  volume  of  data  had  to  be  processed  manually  from  photopanel  film  or 
oscillograph  recordings.  A  fundamental  problem  with  linear  least-squares 
methods  is  that  noisy  measurements  result  in  biased  estimates  of  the 
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stability  derivatives.  However,  the  general  lack  of  acceptance  of  the 

methods  was  attributed  more  to  the  dilficulty  of  applying  them  than  to 

.  .  12 

concern  over  biased  estimates. 

A  rather  simple  technique  was  often  used  in  the  1950s  for  determining 

the  longitudinal  short-period  parameters.  This  technique  is  still  adequate 

for  many  situationr;.  When  the  short-period  mode  frequency  is  much  greater- 

than  the  phugoid  frequency  and  the  damping  ratio  is  low  (less  than  0.3), 

the  primary  short-period  mode  stability  derivatives  can  be  estimated 

directly  fran  measurements  of  the  frequency,  damping,  and  amplitude  ratio 

12  25  26 

of  normal  acceleration  to  angle  of  attack.  ’  ’  Similar  approximate 

methods  were  not  satisfactory  for  the  highly  coupled  lateral-directional 

dynamics,  but  an  effective  graphical  technique  developed  by  Doetsch  was 

used  extensively.  These  techniques  were  straight-forward  and  not  difficult 
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to  apply  but  required  ideal,  free-oscillation  maneuvers.  ’  * 

Reference  29  summarizes  four  different  methods  used  at  1he  AFFTC  for 

obtaining  damping  ratio  and  natural  frequency  fran  aircraft  oscillations. 

These  are:  logarithmic  decrement,  time  ratio,  maximum  slope,  and  curve 

matching  using  film.  The  logarithmic  decrement  (subsidence  ratio  method) 

can  be  used  to  analyze  the  response  of  li^tly  danped  (damping  ratio  less 

than  0.5  preferably  less  than  0.35)  oscdllations.  The  time  ratio  method 

is  based  on  calculations  by  Trimmer  and  is  used  for  heavily  danped  systems 

29  30 

(damping  ratio  greater  than  0.6).  ’  These  two  methods  are  in  current 

16 

use  at  the  USAF  Test  Pilot  School.  Obviously  there  is  a  gap  from  a 
damping  ratio  of  0.35  to  0.60  which  cannot  be  analyzed  accurately  by  either- 
method.  In  fact,  in  practice  with  typical  fli^t  test  instrumentation, 
neither  of  the  above  methods  is  particularly  accxrrate  at  any  danping  ratio. 
This  fact  will  be  attested  to  by  most  USAF  Test  Pilot  School  students  who 
have  attempted  to  reduce  dynamics  data.  The  maximum  slope  method  was  found 
in  Reference  29  to  be  useful  only  for  heavily  danped  systems  and  accurate 
only  around  natural  frequencies  of  one  radian/second.  ’  The  remaining 
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nethod  which  was  developed  in  Reference  29  was  a  curve  matching  method 
using  photographed  time  histories  of  fli^t  data  on  a  film  reader.  By 
matching  the  computer  response  recorded  on  film  with  the  aircraft  response, 
the  damping  ratio  and  frequency  could  be  obtained.  Of  the  four  methods 
discussed,  the  film  curve  matching  was  found  to  be  the  best.  This 
method  appears  to  be  the  natural  predecessor  to  a  technique  called  analog 
matching. 

As  aircraft  performance  reached  progressively  higher  Mach  numbers, 
the  damping  decreased  to  such  low  values  that  at  times  it  was  too  risky 
to  obtain  test  data  without  the  damper  systems  turned  on.  Attempts  were 
nade  to  correct  for  the  effect  of  the  danper  system,  but  the  enpirical 
approach  used  left  considerable  uncertainty  in  the  results.  Basically, 
these  simple  techniques  were  applicable  only  if  there  were  no  pilot  or 

qo 

automatic  control  system  inputs  during  the  free  oscillation. 

An  analog  matching  technique  was  used  to  overcane  the  problem  of  poorly 
conditioned  (those  with  unplanned  extraneous  Inputs)  maneuvers.  ’  It 
is  a  manual  curve-fitting  technique  in  vbich  an  analog  computer  is  used 
to  compute  the  response  of  a  model.  This  response  is  then  matched  to  the 
fli^t  measured  response  by  adjusting  the  stability  and  control  derivatives 
of  the  model.  This  approach  was  not  a  spontaneous  development  for  deter¬ 
mining  derivatives  but  was,  rather,  an  outgrowth  of  the  use  of  analog 
computers  as  flight  simulators.  Analog  matching  was  used  as  early  as  1951 
to  check  aircraft  parameters  determined  by  other  methods.  Even  though  the 
technique  of  analog  matching  has  been  greatly  improved,  the  accuracy  of 
the  results  is  highly  dependent  on  the  skill  of  liie  individual  operator. 

Furthermore,  it  can  take  an  excessive  number  of  man-hours  to  obtain  an 
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acceptable  solution  if  several  parameters  are  to  be  determined.  ’  ’ 

The  best  techniques  available  for  stability  derivative  extraction  up 
to  1966  are  reviewed  by  Wolowicz  in  Reference  35.  Progress  in  the  develop¬ 
ment  of  military  flying  quality  specifications  is  well  documented  in 
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References  36  and  39.  Work  on  the  current  MIL-F-8785C  was  started  in 
1966,  with  publication  in  August  1969  as  MrL-F-8785B  (ASG).  The  speci¬ 
fication  was  revised'  in  1974  and  again  in  November  1980  with  the  title 

3  ISl 

change  to  MIL-F-8785C.'  ’  '  ‘  Reference  36  is  a  document  written  to 
explain  the  concept  and  arguments  upon  which  the  current  requirements  were 
based.  Data  reduction  techniques  recommended  to  determine  military 
specification  compliance  are  essentially  those  already  described  and 
presently  in  use  at  the  USAF  Test  Pilot  School.  The  School  was  actively 
involved  in  the  development  of  MIL-F-8785B  (ASG),  and  its  first  use  was 
by  students  evaluating  their  data  group  aircraft  (T-33A,  T-38A,  and  B-57) 
against  specification  requirements.  The  first  use  of  MIL-F-8785C  was 
by  students  of  Class  81A  evaluating  the  T-38A,  F-4C,  A-7,  and  KC-135. 

The  School  also  participated  in  the  effort  to  develop  MIL-F-83300 

which  places  flying  quality  requirements  on  piloted  V/STOL  aircraft. 

Reference  38  is  a  companion  background  document  for  this  specification. 

No  effort  vra.s  made  to  evaluate  the  School’s  H-13  helicopters  against 

68 

specification  requirements. 

Two  factors  caused  a  revolution  in  parameter  estimation  techniques 

starting  in  the  mid-1960s:  (1)  Hi^J.y  autcmated  data  acquisition  systems 

were  becoming  standard  in  fli^t  testing,  and  (2)  large-capacity,  hi^- 

speed  digital  caiputers  were  available  to  solve  ccxiplicated  algorithms 

efficiently.  The  ability  to  transfer  the  fligjit  data  directly  to  the 

computer  with  no  manual  operations  on  the  data  and  the  availability  of 

hi^-speed  computation  permitted  techniques  to  be  considered  that  were 
•  •  .  12 

previously  impractical.  Thou^  seldom  mentioned  in  recent  literature, 

in  1951  Shinbrot  developed  the  concept  that  is  fundanental  to  many  con- 

40 

tenporary  techniques.  At  that  time,  however,  it  was  not  practical  to 
use  his  concept,  vhich  involved  manually  computing  the  numerical  minimiza¬ 
tion  of  a  nonlinear  functional.  An  application  to  the  simplest  fli^t-test 
problem  of  determining  only  four  longitudinal  parameters  took  up  to  24  hours 
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Interest  in  parameter  estimation  was  renewed  in  ,191)8.  Larson  applied 

the  method  of  quasi-l.inearization  at  Cornell  Aeronautical  latoratory,  .and 

Taylor  and  Iliff  applied  basically  the  same  method,  but  referred  to  as  the 

41  42  43  • 

modified  Newton-Raphson  technique.  ’  ’  The  latter  technique  was  based 

44  45  40 

on  the  theoretical  works  of  Balakrislman .  ’  ’  There  have  been  numerous 

parallel  developnents  since  then  in  universities,  private  research  conpanies, 

and  mjor  aircraft  companies,  as  well  as  at  Air  Force,  Navy,  and  NASA 

12 

installations  (References  47  to  52). 

In  1973,  at  the  AFFTC,  two  techniques  were  available  for  the  extraction 
of  stability  derivative's  frxmi  shori  duration  dynamic  maneuvers  (normally 
control  system  doublets).  These  techniques  were  known  as  hybrid  matching 
and  Newton-Raphson.  Both  techniques  using  their  associated  computer  programs 
could  analyze  maneuvers  with  stability  augmentation  system  either  ON  or  OFF. 

Hoey  discussed  various  factors  which  influenced  the  aerodynamic  stability 
derivatives  and  the  methods  which  could  be  used  for  isolating  these  factors 

by  proper  test  planning  in  Reference  54.  With  a  judicious  selection 

of  flight  test  conditions  a  great  deal  of  knowledge  of  the  stability  derivatives 

and  military  specification  compliance  can  be  gained  in  a  relatively  snail 
amount  of  test  time. 

The  stability  derivative  extraction  program  presently  used  at  the  AFFTC 
is  known  as  the  Modified  l^ximum  Likelihood  Estimator  (MMLE)  program  and  is 
based  on  the  work  of  Iliff,  Maine,  and  Taylor  of  the  NASA  Dryden  Flight 
Research  Center. This  method  which  has  been  used  by  the  Dryden  Center 
since  1966  has  becane  the  primary  technique  for  extracting  stability  derivatives 
from  flight  test  data.  NASA  Dryden  has  performed  nearly  3,000  derivative 
extraction  flight  maneuvers  in  30  aircraft  types.  Recent  NASA  studies  have 
been  made  on  maneuvers  performed  with  the  Beech  99,  Minisniffer,  B-1,  F-15, 

F-17,  oblique  wing  aircraft,  and  shuttle  carrier  Boeing  747  aircraft  with  and 
without  the  shuttle  vehicle. 
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'ilie  interfacing  necessary  to  use  this.  NASA  program  at  the  AFFfC  was 
performed  by  Nagy.  In  addition,  he  has  written  a  report  which  provides  a 
handbook  for  operating  the  digital  programs  required  for  analysis  and  for 
understanding  the  results.  Setup,  operation  and  output  is  discussed  for 
both  the  stability  derivative  extraction  program  and  a  characteristic  analysis 
program.  The  essential  information  required  to  conduct  a  successful  stability 
and  control  test  program  using  this  approach  is  included  in  Nagy's  report, 
Reference  60. 

Over  the  past  several  years  the  MMLE  program  has  been  used  on  most 
major  AFFTC  test  programs.  Some  of  these  are  Ihe  X-24B,  YF-16,  YF-17,  A-9, 

A-10,  YC-14,  YC-15,  F-16,  and  B-1.  The  uniqueness  of  MMLE  application  at  the 
AFFTC  has  been  in  its  use  as  a  production  analysis  tool.  By  1978,  the  AFFTC 
had  processed  more  than  1,500  fli^t  maneuvers  using  the  MMLE  program.  This 
parameter  identification  experience  was  sunmarized  by  Lfeunder  in  Reference  106. 
One  of  the  most  recent  applications  of  the  MMLE  program  was  anal  ysis  of  the 
Space  Shuttle  Orbiter  during  the  first  orbital  flight  where  stability  and  control 
derivatives  were  obtained  at  Mach  numbers  as  hi^  as  24.4.^^® 

Probably  the  most  concentrated  effort  to  date  to  correlate  stability 
and  control  derivatives  determined  by  analysis,  from  wind  tunnel  testing, 
and  from  flight  testing  was  made  during  the  ^ansonic  Mrcraft  Technology  (TACT) 
F-lllA  supercritical  wing  program.  This  correlation  task  was  conducted  jointly 
by  LLASA  and  the  USAF.  NASA  Dryden  conducted  the  fli^.t  test  program  and  extrac¬ 
ted  stability  and  control  derivatives  from  flight  test  data  using  the  MMLE 
program.  Both  NASA  Dryden  and  the  Air  Force  Ili^t  ^mamics  I^oratory  (AFFDL) 
analyzed  wind  tunnel  data  and  ran  ccmputer  programs  for  determining  derivatives 
analytically.  The  AFFDL  also  analyzed  fli^t  test  data  for  MIL-F-8785B  (ASG) 
compliance  and  determined  flying  qualities  characteristics  such  as  short  period 
and  Dutch  roll  natural  frequency  and  damping  ratios.  Comprehensive  analysis  of 
this  large  experimental  data  base  has  not  yet  been  published;  however,  the  AFFDL 
has  already  concluded  that  flying  quality  parameters  obtained  from  MMLE  determined 
derivatives  can  be  considered  interchangeable  with  measured  values. 
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THE  FLYING  QUALITY  SPECiriCATION  DILEMMA 


Forroal  discussions  of  aircraft  flying  qualities  alnost  always  revolve 

151 

about  the  military  document  MIL-F-8785C.  This  flying  quality  specifi¬ 
cation  focuses  almost  entirely  on  open-loop  vehicle  characteristics  in 
attempting  to  ensure  that  piloted  fli^t  tasks  can  be  performed  with 
sufficient  ease  and  precision;  that  is,  the  aircraft  has  satisfactory 
handling  qualities.  This  approach  is  quite  different  from  that  used  in 
specifying  the  acceptability  of  autonatic  fligfit  control  systems,  where 
desired  closed-loop  performance  and  reliability  are  specified.  This 

occurs  despite  the  fact  that  most  flying  quality  deficiencies  appear  only 

154 

vhen  the  pilot  is  in  the  loop  acting  as  a  high-gain  feedback  element. 

Since  the  introduction  of  MIL-F-8785C,  there  has  been  an  increased 
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emphasis  on  the  aneilytical  aspect  of  flying  quality  analysis. 

This  current  military  specification  is  the  first  version  to  address 
hi^er-order  con'trol  systems  by  placing  requirements  on  allowable  aircraft 
response  time  delay  following  a  pilot  input,  and  allowing  the  use  of  an 
equivalent  system  for  aircraft  response  analysis. 

Determination  of  stability  and  control  derivatives  fran  fli^t  test 

data  provides  an  accurate  basis  for  airframe  analysis.  On  the  other  hand, 

the  importance  of  precision  tracking  to  the  de^elop^lent  and  evaluation 

of  flying  qualities  suggests  that  the  specification  could  be  rewri.tten  in 

terms  of  performance  standcirds  dimr’in;’;  prescribfd  tracking  tasks.  This 

approach  raises  a  long-standing  contioversy.  Should  the  specification  te 

oriented  more  toward  providing  design  guidance  by  placing  requirements  c>n 

design  parameters,  or  should  it  be  oriented  toward  requiring  fli^t  test 

demonstrations?  Currently  the  specification  contains  elements  of  both 

89 

philosophies,  and  perhaps  a  clear  dichotomy  can  never  be  made.  In  the 
current  period  of  rapid  technologica]  change,  it  is  impossible  for  a 
specification  to  anticipate  future  flying  quality  requirements  so  long  as 
it  remains  rooted  in  the  empirical  practices  of  the  past.  An  additional 

handicap  is  that  a  physically  realistic  theory  for  haadling  qualities  is 

•>  T,-  152 

lacking. 


16 


* 


The  existence  of  handl.ing  qualities  as  an  entity  steans  from  the  hnnvin 

pilot's  unique  abilities  as  both  ai\  adaptive  and  a  verbal  control  system 

element;  that  is,  he  can  effectively  coinient  on  the  relative  ease  and 

precision  with  which  a  task  can  be  performed  in  a  reasonably  unambiguous 
154 

nonner.  This  task-related  nature  of  handling  qualities  is  now  popu¬ 
larly  recognized.  However,  for  modem  fli^t  control  systems  concepts, 
it  is  not  clear  just  what  the  critical  pilot  tasks  will  be;  therefore, 
how  can  sufficient'  data  be  collected  to  develop  design  criteria  for  such 
fly-by-wire  or  hi^ier-order  control  systems?  A  complicating  factor  is  the 
changing  nature  of  air  warfare  tactics  as  a  resilLt  of  the  changing  threat, 

improving  avionic  capability,  and  the  increasing  functional  integration 

152 

of  hardware  and  aircraft  subsystems. 


The  search  for  an  alternative  approach  to  the  specification  of  aircraft 

flying  qualities  has  been  going  on  for  some  time.  The  difficulty  is  in 

developing  a  physically  sound  approach  which  is  acceptable  to  Hie  military 

152 

services  and  to  those  contractors  ;4io  must  design  to  stated  requirements. 

The  current  attempt  to  define  an  approach  is  an  Air  Force  F1  i  ght  rynamics 
Laboratory  funded  effort  by  Systems  Technology  Incorporated  to  develop  a  ' 
military  standard  for  flying  qualities  to  replace  the  present  MrL-F-8785C. 
Reference  160  is  a  preliminary  copy  of  this  standard  and  its  associated 
handbook. 


Airframe-fli^t  control  control  system  dynamics  vhich  look  "good"  x^7ith 

respect  to  the  classic  measures  or  systems  response  are  useless  if  the  pilot 

cannot  accomplish  intended  tasks  with  acceptable  performance,  or  if  flight 

safety  is  compromised  by  pilot- vehicle  dynamic  mismatches.  This  is  happening 

with  increasing  frequency  as  control  systems  becone  more  complex.  Design 

mistakes  happen  too  often  with  reasonably  conventional  control  systems; 

however,  the  opportunity  for  errors  in  both  concept  and  execution  is  vastly 

increased  with  digital  flight  control  systems.  A  further  conplication  is 

that  digital  technologists  generally  belong  to  one  of  two  clubs:  the 

software  club  or  the  hardware  club.  Stories  are  legion  about  the  problems 

of  systems  design  and  operation  due  to  poor  or  ncxiexistent  communications 

between  these  two  groups  and  the  design  interface  problems  that  can  result 

152 

from  cane  group's  failure  to  adequately  address  the  needs  of  the  other. 
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Historically,  an  attemi)t'  lias  been  nndc  to  avoid  six'cifying  recnjiT''eJtK''nl  s; 
on  the  pilot-vehicle  combination  because  of  the  reliance  of  such  requirements 
on  pilot  skill,  experience,  and  background.  These  variables  can  and  have 
led  to  inconsistencies  in  evaluating  the  degree  of  compliance  with  such  re¬ 
quirements.  It  is  further  felt  by  the  AFFDL  that  specifying  flight  test 
objectives  or  demonstrations  would  leave  unanswered  the  question  of  how  to 
design  a  fli^t  control  system  capable  of  meeting  those  objectives.  The 
.approach  taken  in  developing  MILr-F-8785C  was  based  on  the  obvious  premise  that 
if  aircraft  flying  qualities  are  going  to  be  judged  in  closed-loop  tracking, 
then  the  specification  should  provide  guidance  and  requirements  oriented 
toward  developing  an  aircraft  which  will  exhibit  good  flying  qualities  during 


tracking. 
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The  greatest  single  deficiency  in  many  test  programs  conducted  on  air¬ 
craft  with  advanced  fli^t  control  systems  is  the  lack  of  consideration 
given  to  the  overall  systems  integration  of  specific  hardware  approaches  to 
control  system  design.  The  problems  of  prototype  hardware  design,  man-rating, 
and  the  difficulties  and  expense  of  fli^t  test,  appear  to  have  almost  com- 
])let<jly  overridden  cans;!  Herat  ions  of  exf)eri[nents  designed  for  the  collection 
of  handling  qualities  data.  In  pari;,  this  has  resulted  from  the  lack  of  any 
unifying  plan  for  research  for  this  purpose.  It  is  comparatively  easy  to 
build  and  test  equipment;  handling  qualities  problems,  in  contract,  are  de- 
pressingly  elusive  to  classify  or  quantify  and  expensive  to  evaluate.  No  one 
has  ever  successfully  quantified  the  benefits  to  weapons  systems  effectiveness 
or  fli^t  safety  of  good  handling  qualities.  The  quarrelsome  handling  qualities 
’’community”  can  never — except  for  extreme  cases — agree  about  what  consitutes 
good  or  poor  handling  qualities.  Since  major  research  and  development  test 
programs,  vdiatever  their  original  objectives,  inevitably  become  cost  and 
schedule  driven,  it  is  not  difficult  to  understand  vdiy  so  much  testing  is  done 
with  so  little  impact  on  the  handling  qualities  state-of-the-art.  However, 
it  is  difficult  to  understand  how  reasonable  and  timely  advice  to  fli^t  test 
managers  about  handling  quality  test  requirements  can  be  ignored.  This  has 
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happened  in  the  recent  past  to  the  detriment  of  present  hardware  design, 

152 

test  capabilities,  and  weapons  system  effectiveness. 

It  does  appear  that  the  potential  for  interaction  among  weapons  employed, 

display,  and  flight  control  is  now  widely  recognized.  The  notion  that  clever 

display  design  can  remedy  deficiencies  in  airframe-fli^t  control  system  dj-namics 

is  no  longer  as  radical  as  it  once  seemed.  More  important,  it  new  secmis  to  be 

fashionable  to  consider  that  handling  qualities  can  be  affected  as  much  by 
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display  design  as  by  the  airframe  or  the  flight  control  system.  Students 

157 

here  at  the  School  have  found  this  to  be  the  case  during  A-7  DIGITAC  evaluations. 

The  field  of  pilot-vehicle  system  analysis  includes  pilot  mathematical 
modeling  and  prediction  of  system  dynamics  and  perfomence.  Literature  in 
this  field  has  concluded  that  although  they  are  closely  related,  neither  the 
pilot-vehicle  system  dynamic  response  nor  system  performance  necessarily  com¬ 
pletely  defines  handling  qualities.  Analysis  methods  which  predict  dynamics 
and  perfomence  of  a  pilot-airframe-flight  control  system  combination  do  not 
lead  automatically  to  the  prediction  or  assessment  of  handling  qualities.  '  ’ 

As  a  result,  an  adequate  physical  theory  for  predicting  pilot  rating  does  not 
exist.  This  is  mainly  due  to  the  fact  that  the  attribute  which  makes  the  pilot 
such  a  valuable  asset  in  the  aircraft,  that  is,  his  adaptive  capability,  tends 
to  frustrate  atten5)ts  to  provide  a  mathematical  pilot  model  with  sufficient 
accuracy  and  broad  enou^  applicability  to  be  useful  to  the  control  system 

designer.  This  is  particularly  true  in  cases  which  require  a  multivariable 
+  4.-  '-54 

sysxem  representation. 

A  useful  physical  ttic-ory  for  predicting  pilot  rating  requires  an  adequatf; 

mathematical  model  for  pilot  dynamic  response.  Some  of  the  earliest  efforts  at 

including  pilot  models  in  handling  qualities  research  were  made  by  Westbrook, 

155  156 

McRuer,  and  Ashkenas.  ’  Attempts  at  developing  such  a  irethematical  model 

are  documented  in  Reference  154.  A  recently  developed  handling  qualities  theory 

by  Smith  has  as  its  basis  a  nonlinear  pilot  mathematical  model.  Although  this 

model  is  inadequate  in  many  respects,  it  has  been  used  to  generate  useful  criteria 

154  1  54 

for  the  prediction  of  Pilot  Induced  Oscillations  (PIO).  ’ 
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Sevei’al  empirical  methods  for  handling’,  qualities  prediction  do  exist. 

The  better  known  of  these  are:  C*,  TRP,  C/\P,  Neal-Smith  Criterion,  McPilot, 

Paper  Pilot,  and  Equivalent  Systems  by  Ikyhew.  The  first  •Orree  are  time  response 

methods;  they  relate  handling  qualities  to  parameters  of  aircraft  time  response. 

The  others  are  freqiiency  response  methods;  they  use  a  model  for  pilot  (^mamics, 

perform  a  loop  closure  and  use  the  results  for  handling  qualities  prediction. 

These  methods  are  discussed  in  Reference  152;  however,  it  is  worth  repeating  that 

the  capability  for  predicting  or  measuring  aircraft  or  system  dynamics  does  not 
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imply  that  accurate  estimates  of  handling  qualities  will  necessarily  follow. 

The  current  MIL-F-8785C  uses  an  equivalent  systems  approach  for  hi^ier- 

order  control  systems  based  on  reconmendations  by  Ibyhew;  however,  this  approach 

has  been  attacked  as  creating  as  many  problems  as  it  solves.  It  is  not  clear 

that  if  an  aircraft's  "eqxaivalent  system"  meets  MIL-F-8785C  requirements,  ade- 
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quate  handling  qualities  will  result. 

Analysis  methods  based  on  the  Neal-Smith  criterion  and  C*  are  in  routine 
use  at  various  canpanies  to  develop  aircraft  flight  control  systems.  There  is 
a  clear  and  pressing  need  for  methods  of  this  character.  The  simplicity  of  the 
time  response  methods,  in  particular,  has  a  tremendous  appeal  for  use  in  design 
studies;  however,  the  specificaticai  of  aircraft  control  system  design  requirements 
is  an  altogether  different  problem  fron  that  of  designing  an  aircraft  to  have 
acceptable  handling  qualities.  This  is  not  a  popular  viewpoint,  but  the  pre¬ 
vailing  alternative  viewpoint  is  responsible  for  much  of  the  current  specification 
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dilemna  for  advanced  flight  control  systems. 

The  flying  quality  specification  is  a  design  guide  of  sorts,  but  to  view 

it  only  in  those  terms  is  to  ignore  the  reasons  vdiy  such  specifications  exist. 

The  intent  of  MIL-F-8785C  was  to  insure  the  desired  performance  of  the  pilot- 

vehicle  system.  This,  however,  is  not  easily  done  in  any  quantitative  sense 

without  prior  identification  of  a  physical,  measurable  description  of  handling 

qualities.  There  is,  as  yet,  no  satisfactory  measure  for  handling  qualities 

other  than  pilot  opinion  rating;  but  for  i^easons  previously  mentioned,  it  has 

152 

not  been  an  acceptable  metric  for  use  in  a  design  specification. 
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The  philosophy  of  MIL-F-8785C  rests  upon  the  implicit  use  of  pilot  opinion 
rating  to  "map"  airframe  dynamic  parameters  into  regions  of  acceptable  or  unac¬ 
ceptable  handling  qualities.  This  approach  has  never  been  entirely  successful; 
exceptional  cases,  at  both  extremes,  which  violated  MILi-F-8785C  and  its  predeces¬ 
sors  have  always  existed.  The  relationships  between  handling  qualities  and  modal 
response  parameters  of  the  classic  aircraft  (Cgp5  <^gp>  etc.)  have  been  empirically 
derived  with  some  general  guidance  from  the  technology  of  pilot-vehicle  systems 
analysis.  The  problem,  in  essence,  is  that  a  reliable  method  for  the  nrediction 


of  nilot  ocinion  rating  has  not  existed. 
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It  is  generally  true  that  the  developnent  of  engineering  specifications  for 

something  so  elusive  as  handling  qualities  has  been  an  art  form; '  however,  there 

is  no  basis  for  believing  that  Cooper-Harper  ratings — ^properly  obtained —  are 

not  adequate  measures  of  handling  qualities.  Pilot  opinion  rating  is  the  only 
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acceptable,  available  method  for  handling  qualities  quantification  I 
In  fact,  in  current  literatijre,  pilot  opinion  rating  is  considered  to  be  synonymous 
with  handling  qualities.  Tne  Cooper-Harper  scale  has  its  deficiencies;  they 
aixi  not  restrictive  so  long  as  the  evaluation  pilot  is  well  indoctrinated  in  the 
use  of  the  scale  and  an  adequate  experimental  design  is  provided.  Pilot  ratings 
then,  are  the  inportant  dynamic  parameters  in  the  determination  of  handling 
quality  adequacy. 

Military  flying  quality  specifications  have  been  failures  as  "requirements.” 
That  is,  they  have  not  recently  (at  least  since  1970)  been  used  as  procurement 
compliance  documents.  They  have  served  as  historical  records  since  their  authors 
have  honored  "successful"  aircraft  designs  by  modifying  the  specification  after 
the  fact  to  permit  any  noncompliance  the  aircraft  exhibited.  They  have  also  been 
found  useful  for  test  pilot  and  fli^t  test  engineer  training  since  the  somewhat 
less  than  modem  stable  of  aircraft  in  the;  test  pilot  school  inventories  is  part 
of  the  specification's  data  base. 


CURPENT  DYNAMIC  CLOSED-LOOP  FLIGHT  TEST  METHODS 

The  AFFTC  has  attempted  to  optimize  aircraft  ELight  control  systems  to 
operational  requirements  for  filter  and  ground  attc'ick  aircraft  by  using  tracking 
test  techniques  commonly  referred  to  as  H^dling  Qualities  During  fracking  (HQDT) . 
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HQDT  is  a  technique  developed  at  the  AFFTC  in  1971  for  obtaining  pilot  ratings 
and  qualitative  conments  from  precision  tracking  maneuvers . 

Another  technique,  System  Mentificat  Lon  I^m  Tracking  (SIFT)  offers  one 
potential  solution  to  the  problems  of  identifying  the  inflict  characteristics 
of  the  control  system  and  the  bare  airframe  characteristics  while  the  stability 
augmentation  system  is  operating.  The  most  important  characteristics  of  the  SIFT 
test  techniques  are  that  they  are  pilot-in-the-loop,  mission  oriented  techniques, 
and  that  they  provide  quantitative  as  well  as  qioalitative  results.  The  SIFT 
maneuvers  are  precision  air-to-air  tracking,  formation  flying,  and  air  refueling. 
Data  from  these  naneiivers  are  analyzed  in  the  frequency  domain  to  provide  multi¬ 
ple  frequency  response  transfer  functions,  Laplace  domain  transfer  functions, 
spectral  characteristics,  and  coherence  functions.  The  fli^t  control  system, 
bare  airframe,  and  overall  system  transfer  functions  can  be  identified  with  a 
high  level  of  confidence.  These  quantitat  Lve  results  can  be  correlated  with 

pilot  ratings  and  qualitative  comments.  Wiiile  the  SIFT  technique  is  still  in 
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its  infancy,  sufficient  experience  has  been  gained  to  confirm  its  value. 

The  USAF  Test  Pilot  School  has  been  eiiphasizing  the  importance  of  air-to-air 
and  air-to-ground  tracking  tasks  for  operational  flying  quality  evaluations  for 
several  years.  Currently,  HQDT,  and  SIFT  'cechniques  are  used  in  the  School’s 
Systems  Test  phase  for  evaluations  performed  in  the  Calspan  variable  stability 
NT-33A  and  in  the  A-7D  DIGTTAC  multimode  digital  fli^t  control  system  aircraft. 
Hopefully,  the  training  and  experience  gained  by  test  pilot  students  evaluating 
these  aircraft  will  enable  them  to  provide  consistent  pilot  opinions  in  their 
future  test  programs.  The  "processing"  and  analysis  of  pilot  opinion  data  is 
also  emphasized  to  both  pilots  and  engineers  during  flying  quality  courses  at 
the  School. 

FLYING  QUALITIES  TODAY 

The  current  MIL-F-8785C  represents  an  atteiipt  to  address  the  realities  of 
present  and  probable  near-term  future  aircraft  design  approaches.  Aircraft  are 
not  designed  entirely  on  paper  prior  to  their  manufacture;  the  engineering  flight 
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simulator  has  become  an  important  tool  for  system  design,  test  and  evaluation. 

Analytical  predictiais  of  aircraft  flying  qualities  and  pilot-vehicle  closed- loop 

system  dynamics  should  play  a  vital  role  ii  the  earliest  stages  of  aircraft 

conceptual  and  preliminary  design;  however,  they  are  preliminary  in  the  sense 

that  the  inpact  they  have  on  design  is  prinarily  qualitative.  The  quantification 

of  an  aircraft  or  fli^t  control  system  design  ultimately  requires  pilot-in-the-loop 

test  and  evaluation.  The  specification  is  based  on  the  premise  that  both  analysis 

and  simulaticai  will  be  used  in  a  coordinated,  sequential,  and  probably  iterative 

fashion  to  predict  and  experimentally  assess  the  implications  to  flying  qualities 
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of  airframe  and  control  system  design  trade-offs.  ’ 

As  discussed,  there  is  still  a  general  misconception  about  the  use  of  pilot- 
vehicle-  systems  analysis  for  the  identification  of  suitable  flying  quality  para- 
neters,  and  the  use  of  analytical  prediction  methods  for  the  derivation  of  cri¬ 
teria  for  aircraft  control  system  design.  Methods  developed  which  allow  the  pre¬ 
diction  of  flying  qualities  have  had  very  little  impact  on  either  handling  qual¬ 
ities  prediction  or  on  the  flying  qualities  specification.  The  basic  reason 
for  this  failure  appears  to  be  due  to  the  belief  by  proponents  that  analysis 
methods  can  replace  pilot  opinion  and  flying  quality  specifications.  They  can 
do  neither.  "Paper  pilot"  and  other  analysis  methods  will  never  replace  pilot 
opinions  as  long  as  control  system  technology  keeps  becoming  more  conplex.  The 
specification  is  a  buyer's  guide  vdiile  pilot- vehicle  analysis  methods  should  be 
used  for  the  development  of  design  methods  and  for  developing  detailed  contrcl 
system  design  specifications. 

At  a  recent  flying  qualities  symposium  sponsored  by  the  AFFDL,  anxiety  was 
expressed  over  soiiB  of  the  new  requirements  in  MIL-F-8785C  for  which  fli^t  test¬ 
ing  to  demonstrate  compliance  would  be  extremely  difficult  or  time-consuming. 
Requirements  related  to  atmospheric  disturbances  were  of  particular  concern. 

However,  flight  testing  has  always  been  a  pragmatic  occupatioi.  That  certainly 
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holds  with  flying  qualities  testing.  As  was  true  when  MILi-F-8785B  (ASG)  was 
introduced,  probably  the  best  "laboratory"  for  developing  new  flight  test  tech¬ 
niques  and  modifying  old  techniques  to  check  new  specification  reqiiirements  is 
the  USAF  Test  Pilot  School.  This  process  is  under  way  at  the  School  thru  student 
evaluation  of  data  group  aircrcift  against  the  requirements  of  MIL-F-8785C. 
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since  the  first  Army  Air  Forces  flying  quality  specification  in  1943, 
and  in  all  the  years  since,  no  flight  test  program  has  ever  thoroughly 
checked  all  the  basic  flying  qualities  of  any  test  aircraft.  A  list  of 
significant  problems  which  impact  on  the  extent  of  flying  quality  testing 
would  include:  sensor  and  data  recording  availability  and  capability;  data 
reduction  support  availability;  engineering  manpower  limitations;  fli^t 
safety  consideration;  funds  availaldlity;  test  aircraft  availability;  con¬ 
figuration  or  subsystem  changes  dur’ing  the  test  program;  urgent  development 
problems  willi  other  parts  of  the  aircraft;  emphasis  on  operational  aspects 
of  fli^t  test — the  list  seems  endless.  The  complexity  of  a  contemporary 

flight  control  system  itself  my  preclude  flight  test  evaluation  of  all 
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"probable"  failure  modes.  However,  the  approach  taken  recently  at  the 

AFFTC  where  failure’ state  testing  of  a  higher-order  control  system  was  totally 

ignored  is  not  the  answer.  The  statement  in  the  F-16  flying  qualities  final- 

report  that,  "Failure  state  testing  Wcis  not  investigated  during  this  evaluation" 

will  be  little  consolation  to  the  operational  pilot  who  becomes  an  instant 
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"test  pilot"  vAien  some  mode  of  his  fli^t  control  system  fails. 

Another  aspect  of  fly-by-wire  or  hi^  authority  fli^t  control  systems 

that  has  scarcely  been  considered  is  the  effect  of  control  system  saturation 

on  handling  qualities,  fli^t  safety,  or  any  restrictions  to  the  flight 

envelope.  Control  saturation,  particularly  with  an  aerodynamically  unstable 

airframe,  could  easily  lead  to  loss  of  control  or  PIO.  It  appears  that  the 

requirement  exists  to  develop  design  specifications  to  avoid  control  saturation 
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or  loss  of  control  if  it  does  occur. 

Currently,  flight  test  costs  are  up,  flying  hours  are  down,  and  emphasis 

has  shifted  from  engineering  evaluation  to  investigation  of  conditions  approxiT 

mting  operational  use.  In  this  climate,  optimized  flight  test  techniques  are 

required  to  extract  the  greatest  quantity  of  most-needed  flying  qualities  data 

in  the  available  flight  test  time.  There  is  no  hope  of  a  flying  qualities 

evaluation  of  the  type  and  scope  of  AFFTC 's  Phase  IV  evaluations  of  earlier 
149 

years. 
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fl.ight.  Le«t  lime  h.i.sLcjr’y  r’cjcorx)!';  ot  aircraft  response  for  some  analysis  purposes, 
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they  are  seeing  more  widespread  acceptance  and  application.  Even  the  AFFDL 
has  concluded  that  MMLE  and  SIFT  flight  test  techniques  used  at  the  AFITC  and 
described  by  Maunder  and  Twisdale  result  in  accurate  well-documented  results 
vSiich  can  be  used  to  correct  the  aircraft  designer's  stability  and  control 
predictions  to  obtain  a  valid  analytical  model. 
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SECTION  C 


SYSTEIIS  IDENI’IEICAITON  AND  PAEAMETER  ISTIMATIaIN 


INTRODUCTION 

Parameter  estimation  techniques  are  methods  used  in  systems  identifi¬ 
cation  problems.  The  general  problem  of  systems  identification  (Figure  2) 
is  to  determine  certain  characteristics  of  the  physical  system  from  ex¬ 
perimental  test  data.  Measurements  are  made  of  external  inputs  and  re¬ 
sulting  output  responses  that  depend  in  some  way  on  the  system  character¬ 
istics  to  be  determined.  Tnere  may  also  be  external  disturbances  that 
cannot  be  measured  directly.  Systems  identification  is  the  process  of  esti¬ 
mating  the  characteristics  from  the  input/output  measurements.  Usually 
something  is  known  beforehand  about  the  system,  such  as  the  set  of  equa¬ 
tions  that  describes  its  dynamic  responses  and  approximate  values  of  the 
forces  and  moments  on  the  systeiri.  However,  systems  identification  theory 

also  includes  the  situation  in  which  nothing  is  known  except  the  input/ 

12 

output  measurements. 


EXTERNAL  DISTURBANCES 


Figure  2:  General  Systems  Identification  Problem 
(From  Reference  12) 
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Stated  in  this  way,  it  does  not  take  much  sophistication  to  realize 
that  the  problem  has  nc:)  solution,  or  too  many  solutions  depending  on  the 
point  of  view.  The  outcome  of  any  identification  exercise  is  a  bunch  of 
numbers  which  can  never  really  be  verified.  This  is  contradictory  to  the 
way  in  which  most  engineering  practice  proceeds.  Fortunately,  engineering 
problems  involve  obtaining  operational,  or  useful  answers  whose  validity' 
is  ultimately  decided  by  their  successful  use  in  actual  practice. 

SYSTEMS  IDENTIFICATION 

Systems  Identification  is  a  very  wide  notion  and  different  authors  use 
it  in  slightly  different  ways.  For  practical  purposes,  systems  identifica¬ 
tion  can  be  described  as  the  determination  of  the  matheiiHtical  model  of  a 
process  which  is  to  be  controlled. 

From  the  matheiiHtical  point  of  view,  experimental  systems  identification 
can  almost  always  be  considered  as  a  problem  of  finding  extrema  of 
functionals.  The  form  of  the  functional,  the  extremum  of  which  is  to  be 
found,  is  given  by  the  criterion  accepted  for  the  systems  identification 
problem  and  by  the  matlieiiHtica],  model  of  the  system.  Ttie  accepted  criterion 
foi’  identification  and  the  mathematical  model  of  the  system  are  the  most 
significant  features  oF  every  systems  identification  method. . 

In  the  1960s  there  were  attempts  to  describe  all  systems  in  terms  of  their 
input/output  pairs  alone.  To  be  able  to  do  this  the  concept  of  "state" 
introduced.  The  notion  of  state  had  to  be  independent  of  any  dynamic. 


was 
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thenrodynaniic,  or  other  principle.  Although  the  introduction  of  a  "state 
space"  concept  failed  to  live  up  to  initial  expectations,  it  did  effect 
conceptual  understanding.  In  particular,  it  emphasized  the  "time-domain" 
approach  which  was  in  tijm  helped  by  the  fact  that  digital  computation 
needs  such  a  description. 

At  the  basic  level  of  starting  from  scratch  to  build  a  system,  modem 
theories  offer  little.  At  present  it  is  not  known  how  to  describe  systems 
solely  in  terms  of  input/output  data  except  for  trivial  cases.  This  is 
due  largely  to  the  fact  that  in  general,  the  same  input  gives  rise  to  many 
outputs. Put  another  way,  this  means  that  many  systems  can  be  generated 
from  a  set  of  input/output  pairs. 

In  practical  systems  identification  probleans  the  equations  of  a  system 

nviy  ol  fen  bo  |xjsl:ul.ated  en  the  Ivinis  ol'  a  priori,  knowledge  ol  the  structure 

and  physics  of  the  system.  * ’  '  Practicaj.  uses  for  systems  identificatio 

techni-Ques  today  are  for  finding  better  answers  to  already  "solved"  problems 

and  for  solving  a  restricted  class  of  unsolved  problems.  The  problem  that 

has  received  the  roost  attention  is  one  in  which  the  form  of  the  system 

dynamics  is  known,  input  and  noisy  output  data  are  available,  and  only  the 
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values  of  unknowTi  model  parameters  are  sought .  The  toughest  problems 
are  those  where  the  system  dynamics  are  unknowTi. 

Practical  aeronautical  problems  for  which  solutions  are  still  needed 
ar'e  sometimes  called  systems  with  high,  levels  of  internal  fluctuations. 

These  systems  typically  have  two  types  of  behavior.  The  particular  type 


23 


which  exists  is  determined  by  the  magnitude  of  a  controlling  parameter 

which  i n [  I ueiK-'i's  r'.f.ibi  1  i  I y,  I'or’  a  l  iriilc  iMiig/:'  of  paramolxn'  values  lfi<;' 

system  is  stable  and  its  structure  may  be  ciescribed  by  a  detcjrministic  set 

of  differential  equations.  If  not  subjected  to  external  disturbances  the 

system  will  achieve  a  state  of  equilibrium;  however,  at  some  "critical" 

value  of  the  parameter  the  system  becomes  unstable  and  beyond  this  boundary 

the  system  no  longer  achieves  a  state  of  equilibrium  but  may  exist,  as  a 

result  of  nonlinearities,  in  a  steady  state  typified  by  continuous 

fluctuations.  This  state  may  be  either  limit-cycle  type  of  oscillations  or 
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essentially  random  in  nat\jre. 

The  following  items  which  are  areas  of  interest  to  the  AFFDL  are  examples 
of  systems  identification  problems  where  the  system  has  high  levels  of 
internal  fluctuations: 

1.  Stability  and  control  parameter  estimation  for  rigid  and  elastic 
aircraft. 

2.  Extension  to  stall/spin  aerodynamics  of  rigid  aircraft  using  a  non¬ 
linear  model. 

3.  Application  to  hunan  pilot  model  icientification. 

4.  Correlation  of  analysis  with  wind  tunnel,  drop  model,  and  flight 

4.  4-  j  115 

test  data. 

Item  4  should  more  properly  be  called  a  parameter  analysis  problem 
rather  than  a  systems  identification  problem. 

The  literature  on  systems  identification  is  quite  extensive.  Reference 
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144  lists  basic  papers  written  prior  to  1969  during  the  systems  identifica¬ 
tion  technical  paper  "explosion"  of  the  early  1960s. 

Sometimes  in  reading  the  literature,  one  gets  the  impression  that  the 

discipline  of  systems  identif iccafcion  is  an  attempt  to  more-or-less  formalize 

existing  analytical  and  research  tc-chniques  'which  have  been  historically 

known  as  the  "scientific  method."  As  an  analysis  technique,  systems 

identification  has  the  potential  for  wide  use;  however,  it  can  easily  be 
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oversold. 

Several  theorems  will  be  offered  in  this  text  to  try  to  illustrate 
some  of  the  key  points  of  systems  identification  and  parameter  estimation 
theory.  They  are  most  likely  not  mathematically  correct.  The  first  three 
follov.u 

THEOREM  I:  If  the  input/output  of  a  linear,  time- invariant  system  is 
observed  with  a  "sufficiently  exciting"  input  then  the  system  transfer 
function  can  be  determined. 

THEOREM  II:  The  transfer  function  found  in  THEOREM  I  is  unique. 

THEOREM  XX:  It  is  easier  to  write  an  abstract  technical  paper  than  to 
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do  anything  concrete. 


Powerplants  2  x  Kuznetsov  NK-144  turbofans;  28,5001b  thrust  (127kN) 
dry,  45,0001b  thrust  (200kN)  reheat 

Dimensions  Span  113ft/88ft  (34  5 m/26 ‘2m)  Length  132ft  (40*2m)  Height 
overall  30ft  (9*  1m)  Gross  wing  area  1.785ft3  (166m2) 

Weights  Operating  empty  weight  110,0001b  (50,000ko) 

Basic  internal  fuel  capacity  105,000ib  (47,500kg) 

Maximum  take<off  weight  245,000tb  (llO.OOOkg) 

Performance  Maximum  speed  at  SO^MOft  (1S,M8m)  Mach  1-3-2  0 
clean,  Mach  1  ‘5  with  two  AS-6  Kingfish  ASMs  Cruising  speed  at 
35, 000ft  (10,500m)  Mach  0*8  Cruising  speed  at  sea  level  Mach  0-65 
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Parameter  estimation  techniques  can  bo  applied  to  numerous  aircraft 
flight  testing  problems.  Traditionally  they  have  been  used  for  the  deter¬ 
mination  of  stability  and  control  derivatives.  There  are  current  efforts 
being  made  at  the  AFFTC  in  the  EtyMoTech  program  to  apply  parameter  esti¬ 
mation  techniques  to  the  dynamic  determination  of  aircraft  perfomence  data 

There  are  several  approaches  to  solving  systems  identification  problems 
and  all  are  strongly  influenced  by  the  amount  and  type  of  a  priori  knowl¬ 
edge  available.  Parameter  estimation  techniques  are  the  most  ccmmon  ap¬ 
proaches.  The  general  concept  is  illustrated  in  Figure  3  for  a  fli^t-test 

....  12 
situaxion. 


NOiSE 


Figure  3:  Basic  Concept  of  Contemporary  Parameter 
Estimation  Techniques  (From  Reference  12) 

As  a  specific  example  of  this  concept,  consider  the  problem  of  deter¬ 
mining  the  stability  and  control  characteristics  for  small  perturbations 
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about  a  trim  flight  condition.  The  types  of  data  used  are  shown  in 

61 

Figure  4,  which  is  from  a  flight  test  of  a  lifting-body  vehicle.  The 
control  inputs  are  small-amplitude  aileron  and  rudder  pulses,  and  the 
measured  responses  are  roll  rate,  yaw  rate,  sideslip  angle,  bank  angle, 
and  lateral  acceleration.  External  random  disturt)ances  (turbulence)  were 
negligible.  These  data  were  recorded  as  pulse  code  modulation  signals  on 
magnetic  tape,  Ihen  formatted,  scaled,  and  restored  on  tape  for  reading 
into  a  digital  computer.  The  recorded  inputs  were  used  as  inputs  to  the 
mathematical  model,  and  the  recorded  response  was  compared  with  the  com¬ 
puted  response.  The  model  in  this  case  was  the  set  of  linearized  differ¬ 
ential  equations  for  lateral-directional  motion,  and  the  parameters  to  be 
estimated  were  the  linear  coefficients,  ’(hich  are  stability  and  control 
derivatives . 
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lypically  the  techniques  start  with  some  a  priori  estimate  of  the  de¬ 
rivatives,  such  as  wind  tunnel  data.  Usually  the  wind-tunnel  data  do  not 
provide  a  good  match,  as  shown  in  Figure  5.  In  applying  parameter  estima¬ 
tion  techniques,  some  algorithm  is  devised  to  adjust  the  stability  and 
control  derivatives  in  the  model  until  a  set  is  obtained  that  minimizes 

the  error  between  the  computed  and  measured  time  histories.  A  typical  match 

12 

is  shown  in  Figure  6. 
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Figure  5:  Comparison  of  Computed  Response  Using  Wind 

Tunnel  Parameter  Values  with  the  Flight  Test 
Measured  Response  (Fran  Reference  43) 
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Current  work  by  Balakrishnan  and  Tung  in  parameter  estimation  is 
involved  with  determining  aircraft  stability  and  control  derivatives  from 
flight  test  data  taken  in  turbulence  (random  wind  gusts) .  In  this  case 
the  gust  intensity  can  also  be  determined.  Figure  6A  shows  Jetstar  data 


taken  at  NASA  Dryden  in  turbulence.  The  data  shown  have  been  matched  by 

143 

Tung  for  four  elevator  singlet  inputs. 
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Computed  Response  Using  Estimated  Parameter  Values. 
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Ifest  of  the  results  published  ir  the  literature  look  as  good  as  t:hose 
shown  ;iu  ri.gurc'  li.  An  obvious  i|u<';.l  ion  is.:  Wlul  iloj’.tvN'  ol  .avui’.ioy  do 
the'x;  rcjsu.Lts  repiesent?  Tlie  term  accur’acy  in^^lies  an  absolute  measure  of 
the  error  between  some  estinated  parameter  and  the  true  parameter  value. 
This  error  is  impossible  to  compute  since  the  true  value  of  the  parameter 
is  unknown.  Accuracy  would  be  best  evaluated  by  determining  how  well  the 
model  predicts  system  response  using  the  fli^t  test  estimated  parameters . 
More  often  it  is  evaluated  by  determining  how  well  the  model  fits  the 
measured  response  using  the  fligjit  test  estimated  parameters.  It  should  do 
this  well  since  the  parameter  estimates  were  chosen  by  fitting  the  flight 
test  measured  response. 

There  are  three  other  indicators  which  have  been  used  at  the  AFFTC  to 

try  to  lend  confidence  and  credibility  to  the  results  of  stability  and 

control  derivative  estimation  from  fligfit  test  data.  These  are  (1)  repeat- 
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ability,  (2)  correlation,  and  (3)  statistical  error  analysis.  The 
repeatability  indicator  is  also  a  measure  of  predictability.  If  fitting 
different  sets  of  flight  test  measured  data  results  in  the  same  parameter 
estimates,  then  system  response  can  be  accurately  predicted,  at  least  over 
some  range  or  class  of  inputs.  The  following  theorems  seem  appropriate: 

THEOREM  III:  Parameters  which  have  no  effect  on  the  data  cannot  be 
identified . 

THEOREM  IV:  A  priori  values  are  usually  random  numbers. 

THEOREM  V:  Determined  parameters  are  never  more  accurate  than  the  data. 


PROBLEM:  From  a  measured  input  (bank  angle)  and  flight  measured  response 
(lateral  acceleration)  estimate  the  value  of  the  parameter  (force)  L,  or 
in  other  words,  extract  the  value  of  L  from  flight  test  data. 

The  governing  translational  equation  of  motion  is: 

F  =  m  a 

or, 

L  sin  Aiji  =  m  Y 

Solving  for  translational  acceleration,  Y: 
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L  sin  &<p 


A  ,iL  *-uNAa 
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Figure  3A:  Lunar  Lander  Exanple  of  Parameter  Estimation  Techniques 

As  shown  in  Figure  3A,  the  li.inar  lander  control  or  test  input  is  a  step 
banJc  angle  change,  A(|»,  of  30  degrees.  The 

measured  fli^t  test  response  is  given  the  symbol  The  iiHthematical 
model  of  the  lander  is  simpJ.y  the  equation  of  motion: 

L  sin  A(()  =  mY 

The  computed  response  which  is  given  the  symbol  Yp  is  computed  using  the 
mathcimatical  model,  the  control  input,  and  the  a  priori.  info:^tion.  In 
this  example  the  a  priori  information  given  is  a  known  mass,  m,  of  1,000 
slugs,  and  an  initially  estimated  value  of  L  of  10,000  lb.  The  initial 
estimate  for  L  might  have  been  obtained  by  assuming  that  L  was  equal  to 
the  weight  of  the  lunar  lander.  The  best  estiimrte  of  L  is  the  parameter 
to  be  determined  or  extracted  from  the  flight  test  measured  data.  Tliis 
best  estimate  is  given  the  symbol  Lg^,.  The  res|X5nse  error  is  defined  as 

the  difference  between  the  computed  and  measured  response,  -  Y^j  . 
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The  best  estijiiate,  Lg^,  is  detemined  by  the  estijiation  or  computational 

algorithm  selecting  a  value  for  L  which  minimizes  the  given  estination 
criterion  or  cost  function: 


r 

I  t 


V,.  (t)  <lt 


Hiis  cost  function,  J,  is  in  the  form  of  a  least  squares  data  fit. 


To  illustrate  the  fitting  process,  assume  that  for  the  given  inflight  f>tep 
control  input  of  30  degrees,  the  response  was  measured  to  be  a  mean  value  of 
8  ft/sec^. 


The  estimation  algorithm  would  be  a  computer  program  to  perform  the 
following  calculations; 

L  sin  A(j)  =  mY 

(10,000)  (sin  30°)  =  1,000 

‘v  _  (10,000)  (0.5) 

c  . "  IToUU 

Y^  =  5  ft/sec^ 

The  response  error  then  is: 
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ITie  problem  now  is  to  minimize  the  criterion  function,  J,  by  picking  a 
value  for  In  this  example,  Yj^  and  are  not  functions  of  time,  t, 

but  are  step  output  constants;  therefore,  the  minimum  value  of  J  will 
be  zero  if  is  chosen  so  that  Y^  is  equal  to  Yj^.  The  equation  of 

motion  can  be  used  to  solve  for  Lg^: 

L  sin  Aij)  =  mY 

Igg  (sin  30°)  =  (1,000)  (8) 


Se 


(1,000)  (8) 


16,000  lb. 


In  summary,  for  this  example,  the  best  estimate,  Lgg,  of  the  lunar  land<  r 
parameter  L  was  16,000  lb.  which  was  selected  by  the  computational  algorithn 
fitting  the  measured  fli^t  response  by  minimizing  the  criterion  function. 


Two  pertinent  questions  still  remain: 

1.  Using  the  mathenetical  model,  Lgg,  and  m  will  the  computational 

algorithm  predict  accurate  values  of  lateral  acceleration  for  other  size 
step  inputs,  e.g. ,  A(f>  =  10,  20,  or  60  degrees? 

2.  Will  it  predict  accurate  values  of  lateral  acceleration  for  an 
tarbitrar/  input,  c.g.,  A-j)  being  f>ome  arbitrary  function  of  tima  insteacJ  of 
a  stf;p  injjut? 
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The  conceptual  diagram  in  Figure  3  and  the  previous  examples  point 

out  five  key  aspects  of  parameter  estimation  techniques:  (1)  the 

mathorrwt real  model,  (2)  the  estiimtion  criterion,  (3)  the  computat  iona.l 

.1  l}’/)r'i  I  lim,  (*l)  llie  tot.il  ,  i< '<111  i ; ;  i  I  i<  jfi  ;;v;;leiii,  <in<l  (.h)  Ih'*  1(^:1  iiipiil  . 

1  ? 

These  key  aspects  will  be  discussed  individually. 

MATHEMATICAL  MODEL 

The  choice  of  the  mathemtical  model,  or  more  precisely,  the  form  of 
the  input/output  relationship  adopted,  obviously  plays  a  mjor  role  in  the 
parameter  estimation  procedure.  Balakrishnan  has  pointed  out  that  the  most 
suitable  form  of  the  model  depends  on  many  factors  among  which  the  most 
important  are: 

1.  The  purpose  for  which  the  systems  identification  is  undertaken, 

2.  The  physical  nature  of  the  process, 

3.  "ITie  a  priori  knowledge  available  about  the  s/stem  being  studied. 

The  model  format  or  governing  equations  of  any  physical  system  are 

always  unknown  in  an  absolute  sense  because  it  is  impossible  to  obtain 

complete  system  isolation.  A  number  of  candidate  system  models  must  be 

compared  to  see  which  best  achieves  the  desired  result  which  is  usually 

predicting  the  response  of  the  system.  Taylor  has  shown  that  for  modeling 

aircraft  lateral-directional  motion  a  nath  model  (set  of  equations)  with 

sixteen  unknown  parameters  (stability  derivatives  to  be  determined)  fit 

his  ex].)erimental  data  best,  but  a  model  with  ten  unknowns  predicted  system 
112 

response  best.  Wore  is  still  being  done  on  developing  criteria  for 
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evaluating  candidate  models.  There  is  no  method  currently  available 

143 

for  detecting  errors  in  modeling. 

TIIIDKLII  XXI:  niiginceriiig  judpjncnt  iriur;|-  Ixo  used  in  dofiiiinp,  models. 


THEOREM  VI:  If  a  model  is  selected  solely  on  the  basis  of  minimizing 

fit  errors  to  a  given  set  of  data,  the  model  will  probably  be  less 

•  n  113 

accurate  in  predicting  system  response  than  a  sunpier  one . 

THEOREM  VIA:  Defining  things  too  much  reduces  the  probability  of 
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obtaining  good  results. 

THEOREM  XXII:  Too  conplicated  models  as  well  as  too  simple  models  are 
143 

equally  useless. 

THEOREM  VII:  No  model  is  any  good  unless  it  originates  with  the  user 
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This  discussion  suggests  that  several  mthemtical  models  should  be 
examined.  Candidate  models  can  be  tested  by  having  tliejn  predict  the 
response  f(3r  test  data  which  was  not  used  in  model  parameter  determination. 
This  is  not  a  popular  approach  since  it  requires  obtaining  additional  test 
(Japa  or  reserving  part  of  the  original  data  for  model  testing. 


For  extracting  stability  and  control  derivatives  from  fligjit  test  data, 
a  model  must  be  selected  that  adequately  represents  the  aircraft  characteristics 
to  be  measured.  Hie  aeralynamic  forces  and  momentr,  on  an  aircraft  arx-'  non¬ 
linear  functions  of  several  variables,  such  as  Mach  number,  angle  of  attack, 
control  surface  deflection,  and  sideslip  angle.  There  nay  be  significant 
structural  nodes,  aeroelastic  effects,  nonstationary  aerodynamic  effects, 
and  flow  separation.  Yet  in  many  instances  it  is  adequate  to  use  a 
stationary,  linearized,  rigid-body  model.  In  other  instances  a  more 
complicated  model  is  necessary,  such  as  at  very  high  angles  of  attack 
for  which  a  nonlinear  model  may  be  required.  An  inappropriate  model, 

however,  can  degrade  the  accuracy  of  the  parameter  estimate  and  even 

12 

prevent  convergence  of  the  computation  algorithm. 

Linear  Equations  of  Motion 

Before  introducing  nonlinear  aircraft  equations  of  motion,  the  set 

of  linear  equations  derived  in  the  Equations  of  Motion  course  at  the  USAF 

6*4 

Test  Pilot  School  will  be  reviewed. 

An  aircraft  has  six  degrees  of  freedom.  In  order  to  solve  for  the 

\ 

three  unknown  velocity  components  (U,  V,  W)  and  three  unknown  rotations 

( P,  Q,  R) ,  six  equations  are  required  which  can  he  solved  simultaneously . 

Starting  with  Newton’s  second  law,  which  is  valid  only  with  respect  to 
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inertial  space,  the  following  equations  can  be  derived: 
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4. 


=  m  ( u  +  QW  -  RV ) 

Longitudinal  F  =  m  (W  +  PV  -  OU) 

z  " 

Gy  .  Q  ly  -  PE  (I^  -  y  +  (p2  -  E^)  y 

,  Fy  =  m  (  V  +  RU  -  PW) 

Lateral-  =  P  1  +  QR  (I  -  I  )  -  (R  +  PQ)  r  ,  (5) 

Directional  ^  ^  ^ 

^  ^xz 

The  left-hand  side  of  the  equations  represents  the  forces  and  nonents  on 
the  aircraft  v^iile  the  ri)^t-hand  side  represents  the  aircraft's  response 
to  these  forces  and  moments.  The  sign  convention  is  shown  in  Figure  7; 


Positive  control  deflections,  6^,  6^,  and  6^  are  defined  as  those  causing 
positive  0,  R,  and  P. 

Figure  7:  Body  Axis  System 

There  are  four  major  assumptions  made  in  the  derivation  of  Equations  1 
through  6.  These  are: 

1.  Rigid  Body.  The  aircraft  is  considered  rigid;  therefore, 
aeroelastic  effects  are  not  considered. 

2.  Fixed  Earth  and  Atmosphere.  Triis  allows  use  of  a  moving 
earth  axis  system  as  an  inertial  reference  so  that  Na^rton's 
law  can  be  applied. 
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By  fap,  the  most  important  terms  on  the  left-hand  side  are  the  aerodynamic 
terms.  Unfortunately,  they  are  also  the  most  corplex.  If  small  angles 
are  assumed  then  the  aerodynamic  forces  X  and  Z  in  Figure  8  become  the 
negative  of  lift  and  drag,  -D  and  -L. 

Stability  and  control  analysis  is  concerned  with  the  question  of  how 
the  aircraft  responds  to  certain  perturbations  or  inputs.  Unfortunately, 
the  equations  we  have  discussed  so  far  are  nonlinear.  Small  perturbation 
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theory  is  used  to  linearize  the  equations  by  using  a  Taylor  series  expan¬ 
sion  and  excluding  hi^er  order  terms.  When  operating  under  small  per¬ 
turbation  theory,  aircraft  motion  can  usually  be  thou^t  of  as  two  inde¬ 
pendent  motions  each  of  which  is  a  function  only  of  the  variables  shown 
in  Equations  7  arid  8: 


Longitudinal  Motion 

(D,  L,^)  =  f  (U,  a,  a,  Q  6^) 

Lateral -Directional  Motion  ; 

k'i.Z.Tl)  -  g  (e, J,  P,  R,  6^,  «j)  (g) 

If  it  is  assumed  that  the  aircraft  motion  consists  of  rttwTI  perturbations 
from  initial  conditions  of  steady  straight  flight,  the  problem  can  be 
sijiplified  and  each  of  the  forces  and  moments  expressed  in  a  Taylor  series 
expansion  as  a  function  of  its  variables  as  aerod3mamics  lift  is  in 
Equation  9 : 


L  = 


^  3L  1  a-^L  .,,2 

S  ^  W  +  y  — 7  AU 


X  A 

+  T —  Aa 
8a 


.  1  A  2 
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36^  e 
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The  lateral-directional  motion  can  be  handled  in  a  similar  manner . 
For  example,  the  aerodynamic  terms  for  rolling  moment  become: 


This  development  can  be  applied  to  all  of  the  aerodynamic  forces  and 
moments.  The  equations  are  linear  and  account  for  all  variables  that 
have  a  significant  effect  on  the  aerodynamic  forces  and  moments  on  an 
aircraft. 


The  small  perturbation  technique  can  also  be  applied  to  the  wei^t 
(gpavity)  and  thmst  terms  in  Figure  8.  Assuming  disturbances  are  from  a 
steady  state  condition,  and  engine  thrust  does  not  change  with  velocity , 
an  order  of  magnitude  analysis  shows  that  the  only  significant  contribu¬ 
tion  of  weight  or  thrust  is  drag  due  to  pitch  Euler  angle  change  and  the 
effect  of  weight  on  side  force.  For  most  analysis,  gyroscopic  effects  are 
insignificant.  They  begin  to  beccme  important  as  angular  rates  increase. 
For  static  and  dynamic  stability  analyses  these  are  often  not  considered 
large.  In  the  ax«a  of  spins  and  maximum  roll  rate  maneuvers,  they  are 
large  and  definitely  affect  the  motion  of  the  aircraft.  Therefore,  for 
spin  and  roll  coupling  analyses  gyroscopic  effects  should  be  considered; 
however,  at  those  hi^  angles  of  attack  the  small  angle  assumption  is  also 
Invalid  and  the  ec|uations  of  motion  are  nonlinear. 
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The  linearized  equations  of  motion  are  put  into  a  more  useable 
form  by  "normalizing.”  In  order  to  do  this,  each  equation  is  multiplied 
through  by  a  "normalizing  factor."  This  factor  is  different  for  each 
equation  and  is  picked  to  simplify  the  first  term  on  the  right-hand  side. 
Normalizing  factors  are  shown  in  Figure  9. 
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Figure  9:  Normalnzing  Factors 
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stability  parameters  are  simply  the  partial  coefficients  of  each  term 
multiplied  by  its  respective  nommlising  factor.  For  example  i::quation  1(1 
becones: 


mO. 


^  .  1  3L  .  1  91,  .  1  9L  1  3L  ,  m 


mU  '  mU  9u  mU^  9a  "  '  mU^  .  .  -  ’  mU^  9q 
°  1  °  ,)  u_t_J  l.  ° 


O  6 
V - - ZJ 


U 


The  indicated  quantities  in  Equation  11  are  defined  as  stability  parameters 
and  the  equation  can  be  written: 


I,  U  +  L  a  +  :L,a 
U  o  a 


(12) 


Stability  parameters  have  various  dimensions  depending  on  wheHier  they  are' 
multiplied  by  a  linear  velocity,  an  angle,  or  an  angular  rate.  For  this 
Tsason,  they  are  sometimes  called  dimensional  derivatives. 
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The  conplete  set  of  aerodynamic  terms  is  written  out  in  Equations  13 
throuj^  18. 


n  ^ 

H  =  -^  +  D  n  +  D  (X  +  D-a  +  D  q  +  D-  6 

m  m  u  a  a  o  e 

^  e 


(13) 


T 

=  -^+Lu  +  La  +  L*a  +  Lq  +  L.  6 
mU  mU  u  a  a  6  e 

o  o  ^  e 


(14) 


pc  =  po  +  +  6 

II  u  a  a  '•q^  6  e 

y  y  ^  e 


(15) 
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The  resulting  two  sets  of  equations  (longitudinal  and  lateral- 
directional)  can  be  simplified  and  set  equal  to  1die  right-hand  side 
Equations  1  through  6.  Simplifying  assumptions  for  the  longitudinal  equa¬ 
tions  are: 

1.  Initial  Steady  State  (Trim  3  =  0) 

2.  No  -thrust  effects. 

3.  Wei^t  only  affects  "the  drag  equation. 

4.  No  lateral-directional  motion,  vhich  means  longitudinal 
motion  is  analyzed  independent  of  lateral-directional 
motion.  As  a  result:  pr  =  rv  =  pv  =  0. 

5.  Pron  an  order  of  magni-tude  analysis:  qw  =  0. 

6.  D*,  D  ,  and  D.  are  small  and  can  be  neglected. 

“  q 

After  some  algebraic  substi-tutions ,  Equations  19,  20,  and  21  result: 

D  u  +  D  a  + 
u  ot  I 

L  u  +  La  +  L‘a  L  q  +  L 
u  a  a  q  ' 
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These  three  equations  can  be  rewritten  in  conventional  fori»  siib::'.tituti.n,{T 
0  for  q  and  rearranging: 


(e)  i 

1 

(u)  1 

1 

(ot) 

DRAG 

Dg0  |+u+D^U| 

.  1  1 

+  D^a 

=  0 

(22) 

LIFT 

(i-Lq)  e| 

-V  [ 

-  (1  +  L.)  S  - 

(23) 

PITCH 

•o'  - 

~  a 

a  a- 

1 

(24) 

There  are  now  three  independent  equations  with  three  variables.  The 
terms  on  the  ri^t-hand  side  are  control  inputs  or  forcing  functions. 
Therefore,  for  any  elevator  input,  6^,  the  equations  can  be  solved  for 
6,  u,  and  a. 

Siji5)lifying  assun5)tions  for  the  lateral-directional  equations  are: 

1.  Initial  wings- level  steady  state  (Trim  3  =  0). 

2.  No  thrust  effects. 

3.  Weight  only  affects  the  side  force  equation. 

4.  No  longitudinal  pitching  motion,  which  means  lateral-directional 
motion  is  analyzed  independent  of  longitudinal  motion.  As  a 
result:  q  =  0. 

5.  Pitch  Euler  angle,  0,  is  about  zero;  tiierefore,  p  =  ^  and  p  =  <!> 

6.  Y-  ,  ,  and  Y.  are  assumed  simll  and  neglected. 

P  p  p 

The  lateral-directional  equations  can  be  written  in  conventional  form  after 
some  algebraic  substitutions  and  rearranging  as  Eqmtions  25,  26,  and  27: 
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(2b.) 
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Again,  there  are  three  independent  equations  with  three  variables.  For 
any  control  input,  6^  or  6^,  the  equations  can  be  solved  for  B,  <t>, 
and  r. 

Equations  22  through  27  derived  in  terms  of  stability  parameters 
give  all  the  information  necessary  to  describe  aircraft  motion.  The 
problem  is  that  the  stability  parameters  are  functions  of  dynamic  pressure 
and  aircraft  size.  Deriving  a  set  of  non-dimensional  equations  eliminates 
t)iis  problem  and  allovjs  (1)  direct  comparison  bel.ween  wind  tunnel  and 
flight  test  data,  and  (2)  direct  conparison  of  the  stability  and  control 
characteristics  of  different  types  of  aircraft. 

The  steps  in  non-dimensionalizing  the  equations  of  motion  are 
strai^t-forward  conceptually,  but  rather  conplicated  algebraically. 

This  process  is  detailed  in  Reference  64,  and  involves  introducing  certain 
con^jensating  factors  to  form  dimensionless  stability  derivatives.  This 
can  be  illustrated  using  a  pitching  nonent  equation  term: 
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Dimensionless  Variable  = 

' - Dimensionless  Stability  Derivative 

' - Constants 

- ^  Stability  Parameter 

Since  pitch  rate,  q,  appears  in  the  pitching  manent  equation  as  6,  llie 
following  substitution  must  also  be  made: 

^  ^  ^  ~  20"  ® 
o  o 


P  o 


Sc 


21 


m 


After  operating  on  each  term  in  the  equations  of  motion  in  a  similar 
fashion,  the  equations  can  be  written  in  conventional  form  using  stability 
derivative  notation  as  follows: 
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These  non-dimensiona].  equations  can  be  used  to  conpare  geometrically 
similar  aircraft.  Within  the  assumptions  nade,  they  describe  tlie  complete 
motion  of  an  aircraft.  They  can  be  programmed  directly  into  a  computer 
and  connected  to  a  flight  simulator.  They  are  also  used  for  design 
analysis.  Due  to  their  simplicity,  they  are  especially  useful  as  an 
analytical  tool  to  investigate  edrcraft  flying  qualities  and  determine 
the  effect  of  change's  in  aircrait  design. 

The  equations  of  motion  (Equations  28  throu^  33)  were  referred  to 

the  stability  axis  system  and  are  the  standard  form  of  the  linear  six- 

degree-of -freedom  equations  of  inDtion  derived  at  the  USAF  Test  Pilot 
64 

School.  Reference  65  presents  a  much  more  rigDrous  derivation,  and 
discusses  the  consequences  of  each  assumption  in  great  detail.  The  five- 
degree-of-freedon  equations  which  are  in  general  use  for  engineering  prob¬ 
lems  at  the  ATFTC  are  derived  in  Reference  60.  This  reference  also  shows 
how  the  equations  evolve  into  the  body  axis  linear  rntrix  equations  used 
in  the  Modified  Ibximum  Likelihood  Estiirator  (MMIE)  digital  program. 


Tliere  are  some  dil.ferenccs  between  Equations  28  thru  33  and  those  used 
in  the  MMLE  program.  In  deriving  the  MMLE  equations  the  assumption  that 
pitch  Euler  angle  is  about  zero  was  not  required;  however,  bank  angle 
excursions  must  remin  small  (about  +  20®)  about  trim.  Non-zero  trim 
bank  angle  is  accounted  for  by  the  MMLE  program,  but  sin  4)  is  assumed 
equal  to  (J)  in  radians.  The  MMLE  determined  fli^t  test  derivatives 
combine  the  effects  of  a  and  p  into  pitch  rate  and  yaw  rate  respectively. 
Hie  results  of  trying  to  se^jarate  the  lag  and  rate  derivatives  from  fl  ij'trt 
test  have  been  poor.  The  derivative  Cy  is  not  assumed  small  in  the 

a 

MMLE  equations  and  it  can  become  significant,  particularly  for  aircraft 
with  rrjlling  tails  or  for  control  configured  vehicles. 

Sometimes  it  is  more  convenient  to  use  a  body  axis  system  aligned 
with  the  wing  chord  line  or  fuselage  reference  line.  Often  in  fli^t  test 
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tbir,  is  the  case  since  flight  test  data  are  generally  measured  by  instru¬ 
ments  fixed  with  respect  to  the  aircraft.  When  the  body  axis  system  is 
used,  force  coefficients  are  defined  as  nonral  force  coefficient,  Cj^,  and,. 

chordwise  force  coofficierit,  C^.  Wind  tunnel  and  stabild.zed  fligiit  tes1 

results  are  usually  measured  in  terms  of  lift  and  drag  forces  which  are 
neasured  perpendicular  and  parallel  to  the  relative  wind  and  vhich  are 
logically  referred  to  stability  axes,  stability  derivatives  calculated 
from  subsonic  flow  theory  are  also  calci  dated  with  reference  to  stability 
axes.  The  important  point  is  that  stability  derivatives  are  referred  to 
either  the  body  or  stability  axes,  according  to  the  method  of  derivation, 

and  that  the  equations  of  motion  can  easily  be  altered  to  apply  to  either 

^  65,66,99 

axis  system. 

Nonlinear  Equations  of  Motion 

The  aerodynamic  model  for  the  linear  equations  of  motion  was 
oi-l.iirif-fl  by  a  Taylor  sopicr:  expcinr', i on  of  the  aerodyiv^ic  forv’es.  The 
structure  of  this  model  is  unknown  in  the  hi^  ang:le  of  atf.ack  flight 
regime  and  for'  V/STOL  aircraft  operating  at  very  low  speeds  or  in  the 
hover  flight  regime. 

Modeling  problems  result  when  the  assumptions  made  in  deriving  the 
linear  equations  of  motion  are  violated.  Derivation  of  the  linear  equa¬ 
tions  assumed  that  all  motion  occurs  in  either  the  longitudinal  or  lateral- 

directional  mode.  The  linear  model  is  usually  valid  for  level  fli^t, 
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steep  spiral  descents,  or  maneuvering  flight.  However,  when  aircraft 
motion  does  not  fit  this  description,  modeling  problems  arise. 


As  an  example.  Figure  9A  shows  how  the  dynamics  of  an  aircraft  can 
c'hainge  with  changes  in  trim  angle  of  attack,  clo,  and  trim  sideslip  angle, 

R  .  In  the  case  shown,  phugoid  stability  is  a  strong  function  of  trim 
o 

sideslip  angle  and  Dutch  roll  is  a  strong  function  of  trim  angle  of  attack. 


4. 


ANGLE  OF  ATTACK,  OollMCI 


Figure  9A:  Effect  of  Trijn  Angle  of  Attack  and  Sideslip  on  Aircraft  Stability. 

Sometimes  when  the  linear  model  no  longer  adequately  approximates 

aircraft  motion  a  nonlinear  model  is  known.  Problems  more  difficult  to 

solve  arise  when  the  aircraft  is  subjected  to  unknown  external  inputs  or 
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when  no  model  is  known  for  a  phenonenon  affecting  the  aircraft.  Problems 
of  each  type  will  be  discussed: 


Known  Nonlinear  Model.  The  nonlinear  problem  that  is  easiest  to 
solve  occurs  when  the  model,  reflecting  actxjal  aircraft  nonlinearities,  is 
nonlinear  but  can  be  nade  linear.  As  an  example,  the  longitudinal  equa¬ 
tions  were  found  to  be  higiily  coupled  with  the  lateral-directiona]  mode: 


F  =m{u  +  qw-rv) 
X 


Longitudinal  F  =  m 


(w  +  p  V  -  q  u) 


G..  =  q  -  pr 


(I  -  I^)  +  (P  - 


2,  T 

r  )  1, 


(LA) I  Equations  (1), 

V  /.n;  /  terms  oi 
( 3A) I  perturbed 
J  variables. 


In  Equation  lA  observe  that  the  terms  qw  and  rv  are  second  degree  terms, 
where  degree  means  the  number  of  variables  in  any  product.  Althou^  there 
have  been  inroads  into  the  solution  of  some  nonlinear  equations,  i.e., 
equations  of  degree  greater  than  one,  this  is  a  branch  of  calculus  that 
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is  still  under  development  and  its  complexity  is  such  to  preclude  its  use 
in  most  engineering  applications.  The  fact  that  qw  and  rnj  arv?  the  culprits 
in  whose  absence  Equation  lA  would  be  a  linear  equation  certainly  suggests 
a  way  to  obtain  a  solution  regardless  of  its  validity.  The  next  step  is 
to  establish  the  conditions  under  which  qw  and  ru  my  be  discarded.  The 

term  qw  is  a  centrifiigal  acceleration  term  and  can  be  shown  to  be  smll 

94  .  . 

normally.  The  term  rv  will  be  zero  if  mode  coupling  does  not  occur. 

TTiEOREM  VIII;  The  easiest  way  to  linearize  nonlinear  equations  is  to 
throw  away. the  nonlinear  terms. 

Ihfortunately,  mode  coupling  between  the  longitudinal  and  lateral- 
directional  modes  does  occur  during  stability  and  control  maneuvers  when  the 
aircraft  cannot  be  completely  stabilized.  This  lack  of  ability  to  stabilize 
occurs  frequently  during  steady  turns  or  high  angle  of  attack  maneuvering. 

If  it  is  assumed  that  the  measurements  of  the  motion  in  the  nodes  not  being 
analyzed  are  accurate,  these  motions  can  be  treated  as  known.  Therefore, 
the  coupling  terms  appear  as  knovjn  external  inputs  or  extra  control  inputs 
to  the  mode  under  investigation.  The  model  is  then  mde  linear.  Refeicnee 
bV  presents  an  example  of  a  longitudinal  maneuver  during  which  lateral- 
directional  motion  was  significant  at  a  hi^  angle  of  attack.  In  this  case, 
good  agreement  was  obtained  with  derivatives  obtained  from  maneuvers  performed 
at  the  same  fli^t  condition  but  with  little  lateral-directional  motion  by 
determining  u,  w,  and  q  as  functions  of  a,  6,  (|>,  p,  r,  and  aircraft  moments 
of  inertia. 
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As  an  example  consider  the  pitching  moment  equation: 

C.y  =  qly  -  pr  -  I^)  +  (p^  - 

Neglecting  thnist  and  gyr'oscopic  effects  and  assuming  Initial 
noment::  are  zero,  from  Equation  15  the  left  hand  side  of  Equation  3A  can  be 
written: 

Gy  =?7)  =  ly  +  T^J.a  +  ln^^q  +  (33A) 

If  the  and  r^  nonlinear  terms  can  be  considered  negligible  Equations 
3A  and  33A  can  be  equated  and  rearranged: 


7Wu  +  +  7?7.«  +7)7q  +7?)^  +  ••• 

^  a  ^  e 

(33B) 


Equation  33B  can  now  be  solved  if  p  and  r  are  considered  as  knowns 
or  are  treated  as  inputs.  For  example,  they  might  be  measured  values  from 
lateral -directional  motion. 


Sometimes  the  linear  model  of  the  aircraft  becomes  inadequate  and 
the  nonlinear  model  is  known,  but  cannot  be  put  into  linear  form.  An 
example  of  this  type  of  problem  is  the  need  to  include  the  drag  polar  in 
the  model. The  drag  polar  can  be  expressed  as: 


r  c 

\2 


(34) 
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The  lift  coefficient  can  be  expressed  as  a  first-order  Taylor  series 
expansion  of  angle  of  attack  and  elevator  deflection: 

C,  =  C,  +  C,  a  + 


(35) 


llie  substitution  of  Equation  35  into  Equation  34  results  in  the  following 
equation: 


Cf  a 
a 


(36) 
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Upon  expansion  and  redefinition  of  terms,  Reference  67  shows  that  Equa¬ 
tion  36  can  be  written  as: 


6 

e 


(37) 


The  deferential  equations  of  motion  can  be  written  to  include  the  power 
series  expansion  in  Equation  37.  The  norlinear  effects  defined  by  Equa¬ 
tion  37  are  expected  to  be  functions  of  both  angle  of  attack  and  elevator 
deflection.  Keeping  the  number  of  nonlinear  tenons  as  small  as  possible 
increases  the  probability  of  obtaining  meaningful  estimates.  A  set  of 
nonlinear  equations  derived  demonstrating  this  approach  is  given  in  Refer¬ 
ence  67.  The  nonlinear  pitch  equation  is  shown  belcw  as  an  exanple,  and 
the  previously  derived  linear  pitch  equation  is  ^own  for  ccntparison. 


NONUNEAR  0  -  77^^  -  "  77^ -  ... 

PITCH 


-771 


2  _ 


e 


e 


K 


a6  e 
e 


(38) 


LINEAR  0  -  771  I  -  Z^u  -  /^-a  -  =  ^71 

PITCH 


(24) 


VSTOL  aircraft  present  another  example  where  nonlinear  models  are  some' 
times  required.  Again,  using  the  pitch  equation  as  an  example,  frcsn 
Equation  7  considering  small  perturbations: 

771  ~  *1’  “^e^ 
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Equation  39  was  used  in  deriving  the  linear  equations  of  motion 

to  exi«nd  the  pitching  momenl;  in  a  Taylor  series 

©cpansion.  In  the  hover,  most  VSTOL  aircraft  display  neutral  stability 
csr  worse  because  relative  wind,  u,  and  a  are  undefined  and  contribute 
little  to  static  stability.  In  addition,  the  propulsive  force  arrangement 
usually  provides  no  restoring  moment.  Ground  effect  may  provide  either 
positive,  neutral,  or  negative  stability  contributions .  As  the  aircraft 
transitions  to  conventional  flijdit,  the  velocities  appear  and 
bring  with  them  the  conventional  aircraft  stabilities.  The  variables 
vdiich  affect  the  pitching  moment  equati-on  in  the  hover  mode  are’’  considered 


771  I  f(u,  w,  w,  q,  ^control^ 


(40) 


Using  a  Taylor  series  expansion.  Equation  40  could  be  written  in  tems  of 
linear  stability  parameters;  however,  the  nonlinear  variable  relationship 
shown  in  Equation  41  has  also  been  used  to  ejqjress  the  hover  pitching 
mcment  equation: 


2 

fCu,  u  ,  w,  uw,  q,  uq,  ^control’  ^^Control^' 


(41) 


Unknown  External  Disturbances.  Modeling  jjroblems  caused  by 
unknown  external  disturbcinces  are  encountered  when  an  aircraft  flies  in 
atmospheric  turbulence  or  in  the  vortex  of  <mothei’  aircraft.  A  method 
has  been  devised  to  apply  to  data  obtained  in  atmc^spheric  turbulence  using 
the  Dryden  model  of  turbulence.  The  method  estimeites  the  turbulence  as  a 
function  of  time.  Reference' '57  and  143  demonstrate  good  results  with  the  use  of 
this  approach.  Data  from  Reference  143  was  presented  in  Section  2,  Figures 
6A  and  6B. 

Unknown  Model.  The  third  type  of  modeling  problem,  the  case  in 
vhich  no  known  model  exists,  usually  cannot  be  handled.  Many  nonlinear 
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nodels  can  be  approxinated  easily  by  a  power  series  expansion  like  Equation 
38  was,  but  the  results  of  this  type  of  analysis  are  often  meaningless  in 
that  the  coefficients  extracted  have  little  physical  significance.  An 
example  of  a  modeling  problem  for  which  even  a  power  series  expansion  does 
not  approxinate  the  nonlinearity  occurs  during  flow  separation.  Although 
there  are  nany  causes  of  flow  separation,  the  time  at  which  the  separation 
occurs  and  the  frequency  with  which  it  occurs  are  random.  Thus,  little  can 
be  done  to  extract  meaningful  stability  and  control  derivatives  unless  the 
separation  is  mild  enough  to  permit  a  known  model  to  approximate  the  resulting 
motion  adequately. 

THEOREM  IX:  Extracting  coefficients  with  little  physical  significance 
is  a  waste  of  time. 

Another  time  when  no  proven  model  exists  is  when  maneuvers  are  performed 
at  high  angles  of  attack.  One  way  to  treat  this  problem  when  perturbations 
about  the  nominal  are  small  is  to  assume  that  a  system  is  still  described  by 
the  linear  equations  of  motion.  For  example,  pitching  moment  coefficient, 

C  ,  as  a  function  of  angle  of  attack  is  nonlinear  over  a  large  range  of 

HI 

angle  of  attack;  however,  if  the  change  in  angle  of  attack  can  be  kept  small 

enough  for  a  given  flight  condition,  the  derivative  C  can  be  estimated 

"a 

as  piecewise  linear  and  plotted  as  a  fmction  of  angle  of  attack.  Reference 
57  shows  an  example  vtiere  linearizing  for  small  excursions  from  -Uie  nominal 
allows  use  of  a  linear  approximated  model  where  there  is  no  known  nonlinear 
model. 
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One  recent  hi^  angle  of  attack  analjrtical  study  used  a  "model- 

deteraiination”  algoritlim  to  try  to  estinate  which  nonlinear  parameters 

significantly  effect  aircraft  response.  Polynonials  were  chosen  for  the 

nodel.  Wind  tunnel  results  and  aircraft  dynamics  were  analyzed  to  define 

possible  polynomial  functions  for  aerodynamic  forces  and  mcnients.  Then, 

actual  response  data  were  used  to  specify  which  of  these  functions  was  most 

probable  by  a  subset  regression  method.  The  goal  was  to  identify  only 

those  polyncanial  coefficients  which  were  required  in  the  model  to  reproduce 

the  actual  force  and.nonent  characteristics.  Subset  regression  is  a 

sequential  least  squares  method  which  adds  and  deletes  variables  to  a 

particular  nodel  in  an  iterative  iranner,  isolating  a  significant  subset 

of  the  possible  polynomial  coefficients  using  a  statistical  hypothesis 

testing  technique.  While  identifying  the  most  significant  model  parameters, 

this  technique  also  finds  least  squares  estimates  of  the  parameters  which  are 
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used  as  a  priori  starting  values  for  the  MMLE  program. 

As  an  example  of  this  technique,  one  (obviously  carefully  selected)  high 

angle  of  attack  rolling  departure  maneuver  performed  by  an  F-4E  aircraft  was 

used  for  model  identification  and  extraction  of  longitudinal  and  lateral- 

directional  stability  derivatives.  The  resulting  aerodynamic  force  and 
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moment  equations  are  listed  as  Equations  41A  thru  41F:  ’ 


Cy  =  Cy  +  Cy  «^  +  Cy  +  Cy  3  +  C„  q 
X  X  2  ^4  Xg  X 

a  a 


(41A) 


o  a  ^2  g2  q  <^6  “  e 


C  =  C  +  C  a  +  Cw  ^  ^ 

m  m^  m^  ^^2  "‘^3  ^6  ’^q  ® 


(410 


(41D) 


c„  =  C«  +  C»  6  +  C„  a%  +  C„  r 
o  6  V 


C=C  +C  ae  +  Cp 
n  n  n  .  n  ^ 
o  a$  p 


(41E) 


Cy  =  Cy  +  Cy  $'^  +  Cy  ag  +  Cy  ap 


(41F) 


o 


ag  a6 


ap 


There  are  several  interesting  things  about  these  expansions.  The 
order  of  expansion  in  terms  of  angle  of  attack  is  different  for  each 
coefficient.  Also,  in  the  expansion  for  (^,  the  fourth-order  expansion 


term  is  included,  but  the  third-order  expansion  term  is  not.  Apparently, 
during  this  maneuver  there  was  significant  coupling  in  the  longitudinal 
motions  from  variation  in  sideslip  angle.  Note  also  that  the  expansion 
for  the  control  coefficient  is  different  for  the  three  force  and  monent 
coefficients. 


This  analysis  concludes  that  at  hi^  angles  of  attack  the  F-4E  lateral- 
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directional  controls  are  almost  ineffective.  In  fact,  conventional 
control  power  terms  do  not  even  appear  in  the  lateral-directional  equations 
of  notion.  Strangely  enou^,  there  is  a  sideforce  coupled  term  due  to 
rudder,  but  no  roll  or  yaw  due  to  rudder. 

Reference  140  also  concludes  that  F-4E  high  angle  of  attack  lateral- 
directional  motion  can  be  adequately  explained  by  an  unstable  system  driven 
by  coupling  with  the  longitudinal  motion.  These  results  will  come  as  a 
surprise  to  pilots  who  have  flown  the  F-4E  at  high  angle  of  attack.  A 
certain  amount  of  discretion  has  to  be  used  in  trying  to  derive  general 
conclusions  with  any  physical  significance  fran  one  nonlinear  departure 
maneuver. 
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Overly  Complete  Model.  The  three  preceding  sections  suggest  various 
alterations  which  have  been  nade  to  the  standard  linear  aircraft  model  for- 
specific  sitTjations.  Care  must  be  taken,  however,  not  to  introduce  un¬ 
necessary  complications  in  the  model.  In  some  cases,  such  alterations 
significantly  degrade  the  estimates.  An  example  of  this  is  an  attempt  to 
make  a  full  six-degree-of-freedcmi  match  for  a  longitudinal  maneuver.  Since 
the  lateral  inputs  are  snail,  normally  insignificant  modeling  errors  can 
predominate  in  the  analysis  of  lateral  motion.  This,  in  combination  with 
the  greater  numiber  of  unknowns,  can  seriously  affect  the  estimates  of  all 
the  unknowns.  If  lateral  motion  has  to  be  considered,  the  best  approach 
known  is  to  use  the  measured  lateral  data  as  mentioned  before.  A  similar 
procedure  could  be  used  for  longitudinal  motion  during  a  lateral-directional 
maneuver,  hfany  problems  similar  to  these  can  arise  fron  overly  complex 
models.  Thus,  the  use  of  the  simplest  model  found  to  produce  acceptable 

results  is  recomnended;  alterations  should  be  made  to  the  model  only  when 
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the  basic  model  is  obviously  inadequate. 

In  sunmary,  the  only  proven,  or  completely  accepted  nonlinear 

technique  is  local  linearization.  No  efforts  made  to  date  toward  general 

solutions  of  nonlinear  equations  have  been  successful.  When  nonlinearities 

can  be  defined,  then  the  equations  can  be  solved;  however,  there  is  little 

145 

confidence  in  interpretation  of  the  significance  of  the  results. 

Nevertheless,  work  on  nonlinear  equations  is  continuing.  Bilinear 

systems  vdiich  are  sometimes  called  "variable  structure"  systems  are  special 

case  nonlinear  systems  which  have  received  a  lot  of  attention  from 

theoreticians  in  recent  years.  I'or  example,  Equation  41G  is  bilinear 
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in  u  and  x;  that  is,  it  is  linear  in  each  variable  separately.  ’ 

X  =  Ax  +  (Bu)x  +  Cu  (41G) 
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As  might  be  expected,  results  ftcm  analysis  of  this  type  of 

bilinear  equation  are  nowhere  near  as  useful  as  results  frcm  linear 

equation  analysis.  The  practical  utilization  of  bilinear  equations 

143 

still  in  its  infancy. 


is 


Considering  the  reluctance  to  use  parameter  estimation  techniques 
for  linear  systems,  the  urgency  found  in  the  literature  to  apply  them  to 
nonlinear  equations  is  surprising. Some  of  the  following  nonlinear 
theorems  apply: 

THEOREM  XXIII:  Current  analysis  of  nonlinear  systems  follows  the  basic 
engineering  premise,  "By  twiddling  the  dials  you  can  make  it  work." 

THEOREM  XXIV:  Analysis  of  nonlinear  systems  yields  any  desired  result. 

THEOREM  XXV:  Results  from  nonlinear  analysis  are  insignificant. 

THEOREM  XXVI:  The  input/output  relationship  of  a  nonlinear  system  is 
not  unique. 
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ESTIMATION  CRITERION 


There  must  be  sane  means  of  assessing  the  fit  of  tJie  corputed  response 

12 

to  the  fli^t  measured  response.  The  process  of  selecting  the  means  of 

assessing  the  fit  is  known  as  identifying  the  cost  functional  or  criterion 

function.  When  the  process  is  inplemented  manually,  as  in  analog  matching, 

the  cost  functional  is  obscure  in  that  vdiat  constitutes  a  good  fit  is 

34 

primarily  a  function  of  the  judgement  of  the  operator.  The  operator 

minimizes  his  subjective  cost  functional  by  adjusting  potentiometers 

until,  in  his  opinion,  the  fit  is  attained.  The  procedure  can  be  time 
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consuming,  and  the  results  vary  greatly  from  operator  to  operator.  ’ 

Regression  methods  alleviate  sane  of  the  problems  of  analog  matching  in 
that  a  cost  functional  is  specified  and  is  readily  minimized  because  the 
formulation  is  linear.  Unfortunately,  the  resulting  fit  to  the  measured 
data  is  unsatisfactory.  In  autonated  techniques  a  criterion  function  is 
used  as  shown  in  Figure  3.  It  is  usually  sane  form  of  an  integral  square 
of  the  error  between  the  corputed  and  measured  response.  Ultimately,  a  mathemat¬ 
ical  model  is  desired  with  a  corputed  response  that  best  fits  the  mea¬ 
sured  data.  It  has  been  demonstrated  that  the  fit  obtained  by  analog 
matching  is  superior  to  that  obtained  with  earlier  methods.  This  suggests 
that  the  cost  functional  should  reflect  the  difference  between  the  com¬ 
puted  response  based  upon  the  coefficient  estimates  and  the  measured 
response.  Therefore,  more  satisfactory  results  would  be  expected  if  the 
problem  were  posed  as  one  of  minimizing  a  quadratic  cost  factional  of 
this  difference.  Many  other  criteria  could  be  proposed,  but  the  quadratic 
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is  the  most  thorou^ly  analyzed  form  and  has  the  roost  desirable  mathe- 
matical  characteristics.  Under  certain  conditions  the  criterion  function 
corresponds  to  the  maximum  likelihood  criterion,  vdiich  is  intended  to  pro¬ 
duce  the  most  probable  values  of  the  parameters.  The  best  estimate  of  the 

parameters  is  that  set  of  parameters  that  minimizes  the  cost  (criterion) 
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function.  ’  Reference  60  presents  a  discussion  of  the  cost  function 
used  in  the  data  reduction  program  which  will  be  used  to  determine  stability 
derivatives  from  dynamic  maneuvers  performed  here  at  Idle  USAF  Test  Pilot 
School. 

COMPUTATIONAL  ALGORTIUM 

Once  the  mathematical  model  for  the  system  and  the  cost  functional  to 
be  minimized  have  been  selected,  an  algorithm  to  minimize  the  cost  func- 
tional  must  be  specified  to  identify  the  system.  The  cost  function  is 
nonlinear  with  respect  to  the  parameters  to  be  estimated;  therefore,  it 
has  to  be  minimized  by  an  iterative  conputational  algorithm.  Several 
algorithms  that  have  been  used  are  steepest  descent,  Newton-Raphson,  modi¬ 
fied  Newton-Raphson  (also  referred  to  as  quasi-linearization  or  differential 
correction),  various  conjugate  gradient  methods,  various  direct  and  randan 

search  techniques,  stochastic  approximation,  and  an  iterative  Kalman  filter 
12  61  62  70 

method.  ’  ’  ’  Probably  the  simplest  minimization  technique  is  the 

gradient  technique,  v#iich  changes  the  coefficients  to  be  estimated  by  pro¬ 
ceeding  in  the  direction  of  the  greatest  decrease  of  tbe  cost  functional. 
Unfortunately,  althou^  the  fit  error  is  reduced  considerably,  the  values 
of  the  unknown  coefficients  are  not  determined  with  sufficient  accuracy, 
because  the  minimum  is  never  reached.  The  Newton-Raphson  technique  is  an 
iterative  method  for  finding  a  zero  of  the  gradient  of  the  cost  functional. 
This  method  is  much  more  efficient  than  the  gradient  method  because  it 
attetipts  to  predict  where  tiie  local  minimum  point  is  and  to  step  directly 
to  it  rather  than  merely  stepping  in  the  local  downhill  direction.  However, 
it  is  much  more  conplex  because  of  the  ccraputation  of  a  second  gradient 
matrix.  This  complexity  can  be  reduced  significantly  as  shown  by 
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Balakrishnan  by  an  appropriate  approximation  to  the  second  gradient  matrix 
which  results  in  a  method  termed  either  modified  Newton-Faphson  or  quasi- 
linearization.*^^  It  is  most  clearly  derived  by  the  method  of  quasi¬ 
linearization.  The  modified  Newton-Raphson  method  was  found  to  be  superior 
to  the  gradient  method  both  in  terms  of  the  number  of  iterations  and  the 
computation  time  required  for  stability  derivative  extraction.  To  demon¬ 
strate  that  the  method  was  generally  applicable  to  a  wide  range  of  modem 
aircraft,  it  was  applied  to  the  X-15  research  vehicle,  a  light  general 

aviation  aircraft,  a  large  supersonic  aircraft,  and  a  lifting  body  vehicle. 

43 

The  method  proved  to  be  satisfactory  for  eacli  of  the  maneuvers  analyzed. 

Although  the  nathenratics  behind  this  modified  Newton-Raphson  algorithm  which 

will  be  used  to  determine  stability  derivatives  from  dynamic  maneuvers  here 

at  the  School  is  complex.  Reference  60  shows  that  the  basic  idea  is  simple 

and  can  be  neatly  illustrated  with  a  one-degree-of-freedom  example.  The 

nature  of  nonlinear  minimization  is  such  that:  no  one  algorithm  can  be 

classified  as  the  best  for  all  problems.  Important  factors  in  selecting 

the  mujiiimization  algorithm  are  startup  routines,  convergence,  computational 

efficiency,  dimensionality,  local  minima,  and  whether  the  data  processing 

12 

will  be  on-line  or  batch. 

IHEOREM  X:  The  mathematical  basis  for  extracting  stability  derivatives 
from  flight  test  data  is  not  elementary. 

THEOREM  XI:  There  is  a  major  difficulty  in  solving  two  or  three  equations 
for  ten  or  twelve  unknowns. 

THEOREM  XII:  Ihere  is  no  optimum  algorithm. 
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TOTAL  DATA  ACQUISITION  SYSTEM 


Parameter  estimation  is  highly  dependent  on  the  quality  of  the  flight- 
measured  data.  In  Figure  3  the  uncertainties  in  the  measured  flight  re¬ 
sponse  are  represented  by  additive  noise.  In  reality  the  "noise"  comes 
from  several  sources,  and  it  is  necessary  to  consider  the  entire  data 
acquisition  process.  Bias  and  random  errors  can  arise  from  inprecise  loca¬ 
tion  or  orientation  of  sensors,  calibration  of  the  measurement  and  record¬ 
ing  system,  and  data  drop  out.  Other  errors  can  be  introduced  fixm  elec¬ 
trical  noise,  engine  vibration  pickup,  sensor  dynamics,  inappropriate 
signal  filters,  and  quantization.  A  Cf^mprehensive  discussion  of  flight- 
test  instrumentation  for  aircraft  parameter  estimation  is  given  in  Ref¬ 
erence  35.  Any  elimination  of  errors,  noise,  or  uncertainties  within  the 
data  acquisition  process  will  improve  the  accuracy  of  the  estimates. 

However,  it  is  not  always  possible  to  optimize  the  instrumentation  speci¬ 
fically  for  parameter  estimation  becau;;e  of  project  schedule  or  manpower 

limitations.  It  is  desirable  to  have  techniques  that  are  effective  despite 

12 

measu2?ement  noise  and  uncertainties. 

In  any  flying  qualrty  flight  test  program,  difficulties  with  data  are 

to  be  expected.  Sometimes  these  problems,  such  as  data  spikes,  are  apparent 

fran  even  a  cursory  look  at  the  fli^t  test  results;  however,  other,  less 

obvious  problems  should  also  be  expected.  One  of  the  most  caranon  sources 

of  major  error  is  the  iirproper  specification  within  the  model  of  the  in- 
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strumentation  and  data  acquisition  system. 
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The  instruments  on  the  aircraft  should  ho  positioned  to  provont  them  frxnn 
being  affected  by  structural  vibration  or  flow  phenomena.  Aircraft  stability 
and  control  analyses  must  include  the  capability  for  making  corrections  for 
differences  between  the  actual  and  assumed  instrument  locations.  The 
accurate  modeling  of  the  angle  of  attack  and  angle  of  sideslip  vane  posi¬ 
tions  and  accelerometer  positions  is  particularly  important,  and  correc¬ 
tions  for  these  positions  can  be  made.  If  the  data  are  not  corrected  for 
vane  location,  the  fit  of  the  data  is  poor,  particularly  when  angular  rates 
are  higji.  If  the  data  are  not  corrected  for  accelercsneter  position,  sane 
of  the  estinated  derivatives  are  affected.  It  usually  becomes  evident  that 
the  latter  correction  has  not  been  made  when  the  measured  and  coiputed  data 
are  compared. 

The  resolution  and  accuracy  of  the  instrumentation  must  also  be  taken 
into  account.  If  measurement  noise  is  small,  fairly  lew  resolution  can  be 
tolerated  in  any  noncontrol  measurement,  although  the  lower,  the  resolution, 
the  poorer  the  estimates.  Low  resolution  in  a  control  measurement  can  be 
intolerable,  because  most  motions  are  derived  from  control  movement.  If 
the  position  of  a  control  is  not  accurately  defined  in  a  sampled  time 
history,  the  predicted  motion  will  not  be  acceptable.  If  the  predicted 
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motion  is  incorrect,  the  estimates  of  the  derivatives,  particularly  the 
control  derivatives,  will  be  sever ly  degraded.  When  Ihe  resolution  of  a 
control  measurement  is  extremely  low,  the  movement  of  the  control  may  be 
missed  coiqpletely. 

The  sanpling  rate  chosen  for  the  data  can  also  affect  the  quality  of 
the  estimated  derivatives  significantly.  In  most  aircraft  stability  and 
control  analyses,  the  determining  factor  is  the  accurate  definition  of  con¬ 
trol  motion.  Rapid  excursions  are  caused  by  rapid  control  inputs,  and 
these  dictate  "the  required  sampling  rate.  With  a  lew  sampling  rate,  the 
initiation  of  control  motion  mi^t  be  missed,  causing  the  vehicle  to  appear 
to  respond  before  the  control  is  moved.  The  resulting  control  time  history 
would  result  in  unacceptable  predictions  of  motion,  degrading  the  estimated 
derivatives.  To  econcmize  on  computer  utilization,  each  vehicle  being 
tested  should  be  studied  to  determine  the  lowest  sampling  rate  that  can 
be  tolerated.  After  this  lowest  level  has  been  established,  the  effect  of 
sampling  rate  should  be  checked  periodically  to  make  sure  that  the  estima¬ 
tion  process  yields  sufficiently  good  estimates. 

Time  and  phase  shifts  must  also  be  considered.  Time  shifts  occur  when 
digitally  acquired  data  are  sampled  sequentially.  Particularly  when  the 
sample  interval  is  large,  the  time  shift  between  a  measurement  sampled  at 
■the  beginning  of  the  interval  and  a  measurement  sampled  at  the  end  of  the 
interval  is  significant.  The  iraximum  likelihood  estimation  algorithm 
assumes  that  all  measurements  are  sampled  siiiultaneously,  so  this  time 
sfd-f p  causes  errors  in  the  estimated  coef f ic lents .  This  becemes  parti¬ 
cularly  important  when  the  control  input  is  sampled  at  a  significantly 
different  tine  than  one  or  more  of  the  other  measurements  within  the  sample 
interval.  If  the  instrumentation  system  cannot  otherwise  meet  the  require¬ 
ments  for  a  minimum  time  between  the  beginning  and  end  of  the  sample  inter¬ 
val,  this  effect  can  be  compensated  for  in  the  data  before  the  analysis 
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begins  by  time  shifting  the  appropriate  signals. 
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A  phase  shift  due  to  instrumentation  filters  can  cause  a  similar 
problem.  All  filter  rolloff  fi?equencies  should  be  kept  much  higher  than 
the  aerocfynamic  frequencies  of  interest.  If  a  filter  is  unavoidable,  all 
the  measurements  should  be  filtered  with  the  same  filter  or  phase  shift 
corrections  should  be  applied  to  the  raw  data  for  all  the  filtered  measure¬ 
ments. 

Reference  60  presents  the  data  requirements  for  the  two  different 
stibility  derivative  extraction  programs  in  use  at  the  AFFTC.  Parameter 
range,  resolution,  and  sampling  rates  are  specified  and  filtering  problems 
arcj  discussed.  Data  acquisition  system  operational  procedures  and  magnetic 
tape  recorder  foraats  for  Test  Pilot  School  aircraft  are  presented  in 
Reference  71. 

THEOREM  XIII:  Unmodeled  instrumentation  errors  can  cause  inaccuracies 
in  estimated  parameters  comparable  to  their  nominal  values. 

TEST  INPUT 

As  a  minimum  requirement,  the  test  input  must  excite  the  principal  re¬ 
sponse  modes  that  depend  on  the  parameters  to  be  determined.  In  the  pre¬ 
vious  example  a  combination  of  rudder  and  aileron  pulses  adequately  excited 
the  lateral-directional  motion.  Thus  the  question  arises  whether  one  type 
of  control  input  might  be  better  than  another,  in  the  sense  that  it  provides 
better  estimates.  Several  papers  have  considered  that  question  and  have 
shown  that  in  theory  a  test  input  can  be  found  that  will  tend  to  minimize 
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the,  variance  of  the  estimated  parameters.  However,  there  is  also  the 

possibility  that  unsteady  aerodynamic  effects  mi^t  account  for  observed 
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parameter  variances*  These  concepts  have  not  been  fully  explored  in  a 
fli^t  test  application  and  there  are  no  examples  of  the  successful  applica-- 
tion  of  optimum  input  design *^^’  Unfortunately,  in  order  to  design  an 

optimum  input  the  unknown  parameters  have  to  be  known* 

Since  the  type  and  quality  of  fli^t  maneuver  used  is  the  most  important 
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factor  in  the  success  of  the  stability  derivative  extraction  process, 
Reference  60  discusses  possible  maneuvers  in  some  detail;  however,  rapid 
pitch,  yaw,  and  roll  control  dotiblets  are  recoranended. 

THEOREM  XIV:  Difficulty  will  be  encountered  trying  to  obtain  consistent 

parameter  estimates  using  dissimilar  inputs. 

THEOREM  XV:  Difficulty  may  be  encountered  trying  to  obtain  consistent 
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parameter  estimates  using  similar  inputs. 

THEOREM  XVI:  No  natter  what  input  is  used,  output  will  be  less  than 
optimum. 

IHEOREM  XVII:  There  is  no  optimum  input. 

THEOREM  XXVII:  If  there  is  an  optimum  input  using  it  will  not  improve 
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the  parameter  estimates  much. 

SUMMARY 

Althou^  there  are  variations  from  the  basic  concept  depicted  in  Figure 

3,  depending  on  the  specific  situation  being  considered  or  the  mathematical 

approach  used,  the  five  key  aspects  of  parameter  estination  discussed  are 

always  included  in  some  form.  For  example,  if  there  are  nonmeasured  external 

disturbances,  such  as  air  turbulence,  it  is  necessary  to  add  a  state  esti- 
.  12 

HHtor  to  these  five  aspects. 

It  should  be  clear  at  this  point  that  parameter  estimation  techniques 

are  not  restricted  to  determining  linear  stability  and  control  derivatives. 

Virtually  any  fli^t  test  that  can  be  modeled  as  an  input/output  dynamic 

system  is  amenable  to  this  approach.  Areas  being  considered  for  study 

include  nonlinear  aerodynamics,  aircraft  structural  dimamics,  estimates  of 

external  disturbances  such  as  air  turbulence  and  vortex  wakes,  and  air- 
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frame/propulsion  system  interaction  effects.  It  should  be  kept  in  mind, 
however  that  in  spite  of  high  powered  massive  memory  con5)uters  and  elegant 
nonlinear  algorithms,  parameter  estimation  still  depends  largely  on  the 
ingenuity  of  the  engineer  since  the  technique  is  still  far  from  being 
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automtic. 


THEOPUI  XVIII:  Systems  identification  problems  are  a  hunt  for  some 

117 

unknown  parameter  during  which  some  unverifiable  answer  is  obtained. 


FUTURE  POTEMIAL 

The  future  effect  of  applying  parameter  estination  techniques  to  aircraft 

flight  testing  is  anticipated  to  be  twofold:  It  should  reduce  the  overall 

schedule  of  a  flight  test  program  and  at  the  same  time  increase  the  amount  of 
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informtion  extracted  from  the  tests. 


The  reduced  schedule  is  expected  to  result  from  savings  in  analysis 

time,  through  more  effective  methods;  flight  time,  through  use  of  dynamic 

tests  in  place  of  the  more  time-consuming  quasi-static  tests,  such  as  those 

used  in  measuring  lift/drag  polars;  and  the  preparation  time,  by  not  requiring 

special  instrumentation  for  each  flight  test  task.  These  savings  should 

^  12 

result  in  lower  overall  pro^am  costs. 


Parameter  estimation  provides  a  trend  toward  increased  information  output. 
Data  previously  discarded  because  of  turbulence  contamination  are  now  useable. 
It  is  now  possible  to  use  a  single  dynamic  maneuver  to  obtain  lift  and  drag 
coefficients  as  well  as  stability  derivatives.  With  further  improvements 
and  refinements,  other  combinations  may  be  possible.  Such  as  determining 
structural  nodes,  turbulence,  perfornence,  and  stability  and  control 
characteristics  simultaneously.  One  of  the  most  intriguing  applications 
of  parameter  estimation  to  be  found  in  the  current  literature  is  its  use  in 

a  control  system  which  tracks  parameters  and  continuously  updates  the  control 
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system  model. 


In  view  of  the  capabilities  and  potentials  of  parameter  estimation 
techniques,  flight  test  engineers  should  reevaluate  the  test  procedures  and 
instrumentation  that  have  been  used  for  irany  years.  The  AFFTC  is  committed 
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to  the  continued  use  and  development  of  these  techniques  and  expects 
further  inprovements  in  fli^t  testing  with  the  developnent  of  nonlinear 
systems  identification  programs  with  broader  application.  However, 

as  has  been  shown  in  this  section,  developsnent  of  nonlinear  parameter 
estinfition  techniques  which  yield  meaningful  results  is  probably  still 


far  in  the  future. 


SECTION  3 


STABILITY  PARAMETERS  AND  DERIVATIVES 


INTRODUCTION 

It  is  possible  to  evaluate  the  flying  qualities  of  an  aircraft  with¬ 
out  ever  considering  stability  derivatives.  Stability  derivatives  are  not 
determined  here  at  the  School  during  the  flying  qualities  phase.  The 
main  reason  for  this  is  that  MILr-F-8785B  (ASG)  does  not  explicitly  require 
that  stability  derivatives  be  determined  from  fli^t  test.  The  specifi¬ 
cation  is  based  to  a  considerable  extent  upon  a  large  number  of  opinions 
expressed  by  pilots  concerning  desirable  or  undesirable  flying  qualities 
of  military  aircraft.  Consequently,  most  of  the  fli^t  testing  for 

stability  and  control  is  carried  out  for  the  one  purpose  of  demonstrating 
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that  the  contractor’s  particular  aircraft  meets  these  specifications. 

In  order  to  accomplish  this,  flight  test  techniques  have  been  devised  to 
evaluate  flying  qualities  using  a  caiibination  of  stabilized  and  dynamic 
maneuvers.  Dynamic  maneuvers  are  performed  to  determine  the  frequency 
and  damping  ratio  of  the  phugoid,  short-period,  and  dutch  roll  modes  and 
(t»/6  parameters  used  in  the  dutch  roll  and  roll-mode  investigations.  Roll 
rates  are  also  measured  and  roll-mode  time  constants  determined.  The 
underlying  philosophy  of  tbis  type  of  testing  is  to  determine  if  the  air¬ 
craft  meets  the  required  level  of  flying  qualities  specified  for  each 
test  point  evaluated.  The  level  of  flying  qualities  required  depends  on 
vbether  the  aircraft  is  in  either  the  operational,  service,  or  permissible 
f 1 1 ght  envelopes  and  whether  or  not  a  defined  failure  state  exists. 

Hopefiilly,  this  course  and  its  associated  data  gathering  and  analysis 
will  show  that  flight  testing  for  the  purpose  of  obtaining  stability 
derivatives  is  of  much  more  than  purely  academic  interest.  Reference  60 
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discusses  sane  of  the  deficiencies  in  conventional  flying  quality  testing 
and  presents  arguments  for  extracting  stability  derivatives.  TWo  points 
of  that  argunent  are  worth  expanding: 

1.  If  conventional  tests  are  performed  on  an  aircraft  with  a  hi^ 
gain  augmentation  system^  it  is  impossible  to  determine  the  characteris¬ 
tics  of  the  basic  or  unaugmented  aircraft;  therefore,  each  fligjht  control 
operational  mode  or  defined  failure  state  must  be  tested  individually.  If 
stability  derivatives  are  determined  sane  degree  of  extrapolation  may  be 
possible.  Interpolation  would  certainly  be  possible. 

2.  A  high  gain  augmentation  system  can  prevent  aircraft  motions 
fron  being  analyzed  at  all.  Conventional  techniques  are  based  on  a  com¬ 
parison  of  aircraft  dynamics  with  a  second-order  response  which  does  not 
occur  vdien  augmentation  systems  are  used.  This  allows  a  hi^  gain  system 

to  mask  a  serious  flying  qualities  deficiency  until  it  is  saturated.  ^ 

For  example,  a  longitudinally  statically  unstable  aircraft  with  a  high  ^ 

gain  augmentation  system  may  have  excellent  flying  qualities  on  the  linear 
nart  of  the  Ct  and  C  versus  a  curves;  however,  at  high  angles  of  attack 

where  nonlinearities  occur  and  separation  begins  the  control  system 
may  not  be  able  to  stabilize  the  aircraft.  This  loss  of  ability  to  stabilize  can 
be  due  to  (1)  software  confusion,  (2)  the  need  for  more  than  maximum  ele¬ 
vator  deflection,  (3)  or  the  need  for  a  faster  elevator  input  (response) 
than  the  actuators  can  generate.  A  study  of  the  basic  aircraft  stability 
derivatives  might  help  predict  dangerous  trends. 

These  are  sane  possible  disadvantages  to  a  complete  dependence  on 
stability  derivative  extraction  methods  for  flying  quality  testing: 

1.  Derivatives  determined  from  flight  test  are  "local  slope" 

derivatives,  for  example,  C  is  a  function  of  angle  of  attack  at  high 

a 

angles  of  attack;  therefore,  tht:  value  of  determined  will  be  an  average 

a 


78 


value  of  over  the  range  of  angle  of  alhiack  covered  during  the  test 

neneuver.  Since  stability  derivative  extraction  neneuvers  can  be  performed 
from  any  desired  trim  angle  of  attack  this  does  not  seem  to  be  a  problem; 
however,  derivatives  like  C  are  also  functions  of  sideslip  angle  at  large 


values  of  sideslip. 


"LocaQ.  Slope"  values  of  C 

n, 


determined  fran  a  maneuver 


performed  from  a  zero  sideslip  trim  angle  will  not  predict  lateral-directional 
problems  which  might  be  encountered  during  large  sideslips,  e.g.,  during 
crosswind  landings  (slips),  engine  out  flight,  or  rolling  maneuvers  performed 
at  low  speed  -  hi^  angle  of  attack.  The  obvious  solution  is  to  perform  test 
neneuvers  from  various  trim  sideslip  angles.  IMf ortunately ,  the  equations 
of  motion  are  now  nonlinear  and  do  not  uncouple.  Current  stability  and  control 
derivative  extraction  techniques  will  not  handle  this  situation. 


2.  ELi^t  test  instrumentation  costs  coiild  increase.  For  example, 
the  School  magnetic  tape  instrumentation  systems  do  not  have  either  the 
resolution  or  sample  rates  recommended  by  Reference  60.  The  additional 
cost  at  time  of  purchase  to  meet  these  requirements  is  unknown.  It  also 
renains  to  be  seen  if  stability  derivatives  can  be  successfully  extracted 
using  School  aircraft  instrumentation  systems. 

3.  It  might  be  a  problem  proving  contractud  noncortpliance  with 
the  military  flying  quality  requirements  when  the  specified  parameters  are 
not  actually  measured,  but  calculated  from  fli^t  test  determined  derivatives. 
I^DSt  aircraft  contractors  do  not  have  experience  using  parameter  estimation 
to  extract  stability  and  control  derivatives,  and  at  least  a  few  have  some 
reservations  about  the  technique.  Reference  36  describes  some  of  the 
classical  fli^t  test  methods  vdiich  are  to  be  used  to  determine  military 
specification  conpliance;  however,  farameters  viiich  the  specification 
requires  evaluated  such  as  natural  frequency,  and  danping  ratio  can  be 
calculated  from  flight  test  extracted  derivatives  if  the  procuring  activity 
and  contractor  agree  on  this  procedure. 
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4.  In  the  case  of  modem  highly  augmented  aircraft,  the  basic 
airframe  (basic  aircraft)  characteristics  may  not  correlate  at  all  with 
flying  quality  measuronents  or  pilot  opinions  of  handling  qualities.  In 
fact,  small  changes  in  control  laws  may  cause  drastic  changes  in  aircraft 
flying  qualities.  The  mere  highly  augmented  the  control  system,  the  more 
this  is  true.  In  addition,  for  fu31  authority  systems  there  may  not  be 
a  failure  mode  which  permits  the  pilot  to  "fly"  the  basic  aircraft  on  a 
direct  racre-or-less  one-to-one  basis  with  control  force  and/or  deflection 
corresponding  to  control  surface  deflection.  Having  a  flyable,  basically 
stable  bare  airframe  is  of  no  consequence  to  the  pilot  if  he  cannot  obtain 
direct  control. 


Stability  parameters  and  derivatives  are  discussed  in  some  detail 
in  the  remaining  part  of  this  Section.  Methods  of  classifying  and  deter¬ 
mining  derivatives  and  examples  of  individml  derivatives  will  also  be 


presented. 
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DEFINITIONS 


Before  classifyinfi;  stability  par^^meters  or  derivatives  it  might  be 
helpful  to  define  them  one  more  time.  They  both  were  defined  mathematically 
in  Section  2;  however,  judiciously  following  the  example  of  most  classical 
stability  and  control  texts,  word  definitions  were  avoided.  The  defini¬ 
tions  below  are  offered,  but  they  are  not  particularly  enli^tening: 

Stability  Parameter;  Normalized  term  expressing  the  cihange  of  a 
force  or  mcment  acting  on  an  aircraft  with  respect  to  sane  variable,  e.g. 

77?  -  ^  hn 

q  \r 


Stability  Derivative;  Nondimens ional  number  expressing  the  change 

of  a  force  or  moment  coefficient  act-ing  on  an  aircraft  with  respect  to  ;;onie  non- 
dimensionalizecl  variable,  e.g. 


3C 


_ m 

3q 


The  pitching  moment  equation  of  motion  in  stability  parameter  form 
from  Section  2  was: 


q  =  ^7^  u  +  ^7?  a  +  +  7?^  q  +  77^  6  (21) 

^  u  ‘■a  ^01  "-q^  '■6  e 

e 

vAiere  ^u’  K  ,  etc.,  are  defined  as  stability  parameters.  The  pitcdiing 
monent  equation  can  also  be  written  in  stability  derivative  fom  as: 


21 


pU^Sc 


C  u 
"‘u 


C  a 
m 
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C  a 

m* 
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C  q  + 
m  ^ 

q 


iric. 


(42) 


where  C  ,  C  ,  etc.,  are  defined  as  stability  derivatives.  It  is  readily 
^  u  a 
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apparent  that  equations  differ  only  by  a  constant  multiplier  at  a  given 
trim  speed,  or  for  example: 


21 


pU^Sc 

o 


q 


C  q 
m 

q 


(43) 


Rearranging: 


pU^So 

TT-Crn'l 

y  q 


(44) 


which  is  the  term  discussed  in  Section  2  where  is  a  dimensionless 

q 

number  and  q  is  a  dimensionless  variable  defined  as  .  Equation 


44  can  be  written: 


pU^Sc 
o  P 
21  m 

y  q 


cg_ 

2U 

O 


(45) 


or 


pU  Sc' 
^  o 

41 


m 


(46) 


Given  a  numerical  value  for  C  ,  7??  can  now  be  determined  for  any  trim 

m  *  q 

q 

speed  given  the  aircraft  geometry. 


Both  stability  parameters  and  derivatives  are  used  in  analysis.  Given 
one,  it*s  easy  to  get  the  other,  so  they  can  be  talked  about  interchange¬ 
ably.  The  use  of  stability  parameters  tends  to  simplify  some  of  the 
approximate  aircraft  dynamic  relationships.  For  example,  in  Reference  64 
the  following  approximate  relationship  for  short  period  natural  frequency 
is  derived: 


82 


(47) 


It  can  be  eeisily  verified  that  this  expression  written  in  terms  of 
stability  parameters  instead  of  stability  derivatives  is: 


However,  stability  parameters  are  a  function  of  trim  speed  as  well  as 
aircraft  geanetry,  vhile  stability  derivatives  are  nondimensional  numbers 
and  for  a  rigid  aircraft  may  be  constant  at  low  Mach  numbers. 


CLASSIFICATION 

For  analysis  problems  where  total  aircraft  motion  can  be  thou^t  of 
as  two  independent  motions,  stability  parameters  or  derivatives  can  be 
thought  of  as  either  longitudinal  or  lateral-directional  terms.  From 
Equations  13  throu^  18: 


Longitudinal  Parameters: 


D 

u 


5 


D  ,  D* 


“q’ 


L 

u 


5 


^6 


e 


^  e 

Longitudinal  Derivatives: 

Cj^  j  Cd  ,  Cp,,  CjU  ,  C 

u  a  a  q  6 

^  fa 
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Lateral  Directional  Parameters: 


Lateral  Directional  Derivatives: 


^  ’  Sr  ’ 

6  B  p 


r 


Derivatives  may  also  be  divided  into  "stability"*  derivatives  vdiich 
describe  the  natural  tendency  to  return  to  trim  when  disturbed,  force 
derivatives,  control  derivatives,  damping  derivatives,  and  lag  or  un¬ 
steady  flow  derivatives. 


* 

Word  used  in  a  narrow  sense. 
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Longitudinal  "Stability"  Derivatives: 


Lateral-Directional  "Stability"  Derivatives: 


n. 


Longitudinal  Force  Derivatives: 


C 


L 


a 


Lateral-Directional  Force  Derivatives: 


e 


Longitudinal  Control  Derivatives: 


e  e  e 


Lateral-Directional  Control  Derivatives: 


Longitudinal  Damping  Derivatives: 


Lateral  Directional  Damping  Derivatives: 


Cy  »  * 

P  r 
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Longitudinal  Lag  or  Unsteady  Flow  Derivatives: 


Lateral-Directional  Lag  or  Unsteady  Flow  Derivatives: 


The  lag  or  unsteady  flow  derivatives  vdiich  are  functions  of  a  and  g 
cannot  easily  be  distinguished  from  pitch  rate  and  yaw  rate  respectively 
in  either  wind  tunnel  or  flight  testing.  It  is  theoretically  possible  to 
separate  the  derivatives;  however,  it  is  not  normally  done  in  practice. 

The  problems  involved  with  separating  them  in  wind  tunnel  testing  will  be 
discussed  later  in  tliis  section.  Iliff  at  NASA  Dryden  has  had  sane 
success  with  designing  specific  flight  test  maneuvers  to  allow  separation 
of  the  lag  and  rate  derivatives,  but  these  techniques  have  not  been  adopted 
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at  the  AFFTC.  In  general,  the  damping  derivatives  determined  from  either 
wind  tunnel  or  flight  tests  contain  lag  effects  e.g. 


m 

a 


C 

m 


q 


It  was  pointed  out  in  Section  2  that  stability  parameters  or  derivatives 

can  be  referred  either  to  a  body  axis  or  stability  axis  system  and  conversion 

99 

from  one  axis  system  to  another  can  be  easily  accomplished.  For  fligjit 
test  it  is  useful  to  use  the  body  axis  system;  therefore: 


Parameters 
D  ^  C  or  X 

L  -»•  N  or  Z 


Derivatives 
Cp  *  Cj,  or 

Sr  ^ 


Careful  with 
signs! 


MCmODS  OF  OBTAINING  STABILITY  DERIVATIVES 

The  purpose  of  this  sub- section  is  to  present  a  brief  description  of 
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the  various  methods  and  techniques  in  use  today  for  the  determination  of 
the  numerical  values  of  stability  derivatives  and  to  discuss  the  relative 
accuracies  of  these  methods. 

Considerations  relating  to  the  accuracy  with  which  aerodynamic  data 
are  known  are  of  extreme  importance  in  aircraft  design.  It  is  possible 


that  estimated  stability  derivatives  for  a  given  aircraft  may  be  in¬ 
accurate  due  to  insufficient  or  questionable  basic  information  fron  v^ich 
to  connpute  the  derivatives;  this  is  particularly  true  in  the  transonic 
region.  Aircraft  designs  must  include  sufficient  tolerances  to  take  into 
account  potential  derivative  inaccuracies. 

In  general,  tiiere  are  three  meldiods  of  obtaining  stability  deriva¬ 
tives  xdiich  can  be  listed  in  the  following  order  of  increasing  accuracy: 

1.  Estimating  fron  Idieory  and  related  orpirical  data. 

2.  Model  testing. 

3.  Full-scale  fli^t  testing. 

Each  of  these  three  methods  will  be  considered. 

Estinating  from  Theory  and  Related  Enpirical  Data 

In  general,  Idie  recommended  procedure  is  to  assume,  first  of  all, 
a  certain  aircraft  configuration  or  a  strictly  limited  '"ange  of  configura¬ 
tions.  Reference  72,  the  Data  Conpendium  (Datcom),  presents  a  systematic 
summary  of  methods  for  estimating  basic  stability  and  control  derivatives. 
The  Datcom  is  organized  in  such  a  way  that  is  is  self-sufficient.  For  any 
given  flight  condition  and  configuration  -Uie  ccmpD.ete  set  of  derivatives 
can  be  determined  without  resort  to  outside  information.  The  USAF  has 
intended  that  the  book  be  used  for  preliminary  aircraft  design.  Its  cur¬ 
rency  is  neintained  throu^  periodic  revisions  (latest  April  1978)  and  it 
is  widely  quoted  and  extracted  from  by  current  flying  quality  textbook 
authors. Reference  73  is  a  USAF  report  prepared  as  a  companion  to  the 
Datcom  and  presents  me1±iods  for  estimating  flying  qualities  and  insuring 
specification  compliance.  References  72  and  73  are  all  that  are  required 
to  prepare  an  adequate  aircraft  preliminary  design  flying  quality  analysis. 
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Reference  119  is  known  as  the  Digital  Datcom  and  is  a  canputerized  version 
of  the  Datcom  manual.  This  Digital  Datcan  program  can  also  be  used  in  the 
preliminary  design  phase  to  obtain  stability  and  control  derivatives.  Thiese 
derivatives  can  then  be  converted  to  flying  qualities  parameters  throu^  the 
use  of  an  additional  digital  conputer  solution  of  aircraft  longitudinal  and 
lateral-directional  nodes  of  motion  as  described  in  Reference  120.  These  two 
computer  programs  are  still  under  development  at  the  AFFDL  and  have  only 
limited  capability. 

Reference  65  includes  a  conprehensive  list  of  references  to  NACA/NASA 
reports  which  can  also  be  used  for  aircraft  preliminary  design  and  flying 
quality  analysis . 

Reference  74  presents  a  discussion  of  current  analytical  methods  used  to 
calculate  stability  derivatives  of  elastic  aircraft  based  on  work  by  the  Boeing 
Conpany.  Examples  of  analytical  results  obtained  by  Boeing  will  be  discussed  in 
Section  5  of  this  text. 


In  general,  the  subsonic  values  of  stability  deriva¬ 
tives  for  a  rigid  aircraft  can  be  estimated  quite  accurately  using  the 
References  discussed.  For  the  transonic  and  lew  supersonic  region,  theo¬ 
retical  methods  for  determining  stability  and  control  derivatives  for  the 
conplete  aircraft  are  practically  non-existent .  As  a  result,  the  designer 
must  resort  to  empirical  data  on  similar  aircraft.  But  because  there  is 
no  theory  which  can  be  used  as  a  guide,  the  trends  indicated  by  empirical 
data  are  difficult  to  correlate,  and  this  problon  is  further  complicated 
by  the  fact  that  the  data  obtained  by  all  the  various  techniques  appli¬ 
cable  to  transonic  investigations  may  be  unreliable  or  inaccurate  or 
both.  Reference  72  presents  estimation  methods  which  can  be  used  in 
the  transonic  region. 

For  the  supersonic  region  above  a  ^faoh  number  of  about  1.5  limited 
theoretical  methods  are  again  available  for  estimating  values  of  stability 

derivatives.  In  general,  the  hi^er  the  supersonic  Mach  nuiriber,  the  more 
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reliable  the  theory.  Reference  72  presents  methods  and  a  list  of 
bibliographies  for  estimating  the  supersonic  derivatives  of  design  con¬ 
figurations.  Derivatives  for  the  wing-alone  can  usually  be  determined 
very  accurately,  but  usually  empirical  data  is  used  to  relate  to  complete 
airplane  configurations. 

Sonetimes  basic  theory  provides  simplified  relationships  which 
give  very  accurate  estimates  of  stability  derivatives  subsonically.  The 
stability  and  control  courses  taught  here  at  the  School  presented  some  of 
these  simplified  relationships.  These  relationships  will  be  reviewed 
as  each  stability  derivative  is  discussed  individually. 
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Model  Testing 


To  increase  the  accuracy  of  the  stability  derivative  estinates 
based  upon  theory  and  related  enpirical  data,  nodels  duplicating  the 
geanetry  of  the  contenplated  full-scale  airframe  are  usually  built  and 
tested.  In  fact,  model  testing  has  become  such  an  important  science  that 
it  is  now  considered  indispensable  to  aircraft  developnent. 

Dimensional  analysis  shews  that  for  measured  force  coefficients 
on  a  rigid  scale  model  to  be  the  same  as  those  on  a  rigid  aircraft  inflight, 
the  ffech  number  and  Reynolds  number  of  the  model  tests  must  be  the  same  as 
those  inflict. 

If  wind  tunnel  testing  is  restricted  to  low  subsonic  velocities, 
then  Jfech  number  effects  can  be  neglected,  but  there  still  is  an  important 
scale  effect  which  must  be  considered  in  applying  the  results  of  model 
testing  to  the  full-scale  aircraft.  When  the  Reynolds  numbers 
two  flews  are  equal,  the  flow  characteristics  are  dynamically  similar. 
Assuming  a  model  and  a  full-scale  aircraft  operating  at  the  same  speed 
in  the  same  atmospheric  conditions,  p,  V,  and  p  are  the  same,  but  the 
Reynolds  number  of  the  model-flow  combination  is  lower  than  the  Reynolds 
number  of  the  airplane-flow  combination  in  direct  proportion  to  the  size 
of  the  model. 

Full-scale  aircraft  operate  in  a  Reynolds  number  range  of  6,000,000 
to  100,000,000,  whereas  model  testing  is  normally  done  in  a  Re5molds 
number  range  of  500,000  to  10,000,000.  Stability  derivative  data  based 
on  model  tests  performed  at  Reynolds  numbers  of  6,000,000  or  more  may  be 
considered  directly  applicable  to  the  full-scale  airplane,  but  if  the 
model  tests  are  performed  at  Reynolds  numbers  of  less  than  6,000,000,  it 
is  likely  that  the  stability  derivative  values  will  require  modification 
before  they  can  be  applied  to  the  full-scale  airplane.  One  of  the 
difficulties  in  using  model  test  data  is  that  the  effects  of  Reynolds 
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number  are  in  nost  cases  quantitatively  unpredictable,  and  the  correct 


interpretation  of  the  data  is  largely  a  matter  of  judgment  based  on 
65 

experience. 


There  are  two  general  types  of  model  testing:  wind  tunnel  testing 
and  model  flight  testing.  These  types  are  considered  in  detail. 

Wind  Tunnel  Testing.  In  general,  the  conventional  wind  tunnel 
consists  of  a  tubular  channel  forming  a  closed  circuit  throu^  which  air 
is  circulated  at  hi^  velocities.  During  tests  in  this  type  of  tunnel, 
the  model  renains  stationary,  and  the  various  aerodynamic  forces  and  moments 
acting  on  the  model  are  measured  by  means  of  a  balance  system  or  by  strain 
gages  momted  on  struts  to  which  the  model  is  attached. 


# Static  Derivative  Wind  Tunnel  Testing. 

Conventional  wind  tunnel  testing  is  concerned  with  determining 

the  derivatives  which  are  not  rates  of  change  with  time,  the  so-called 

"static"  stability  derivatives.  The  usual  practice  is  l:o  obtain  six  lasic 

data;  three  forces,  lift,  drag,  and  side  forces;  and  three  moments,  pitching, 

yawing,  and  rolling  moments.  In  the  longitudinal  case,  the  coefficients 

C,  ,  Crs  and  C  are  functions  of  angle  of  attack  a;  therefore,  the  static 
Tj’  D  m 


derivatives 

a 


and  C  are  obtained  from  wind  txmnel  data.  This 


a 


m 


process  is  illustrated  in  Figure  10. 
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If  the  model  shown  in  Figure  10  is  tested  at  two  different  ele¬ 
vator  angles  (<5  and  6  )  over  a  range  of  angle  of  attack  the  data  shown 

®1 

in  Figure  10  is  generated.  Stability  derivatives  are  calculated  directly: 
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Note  that  C„  is  nonlinear,  that  is  C_  is  a  function  of  C,  and  the 
^a  ^ 

local  slope,  C^  .,  is  a  function  of  a. 
a 


In  the  lateral  case,  the  coefficients  Cy,  C^,  and  C^  are  functions 

of  sideslip  angle;  therefore,  the  derivatives  C^.  ,  C  ,  C»  j  C«  , 

^6  "e  8  6 

a 

C»  ,  C  ,  C  ,  and  Cy  can  all  be  directly  calculated  from  wind 

^6  ^^6  ^6  ^6 
r  r  a  r 

tunnel  tests  performed  at  varying  angles  of  sideslip.  Longitudinal  and 
lateral-directional  control  surface  hinge  nonent  parameters  such  as 
C.  ,  etc.,  can  be  similarly  determined, 
e 


Wind  tunnel  data  are  not  always  as  accurate  as  might  be  desired 

and  the  results  must  be  interpreted  by  experienced  personnel.  For  some 

stability  derivatives,  such  as  Cj^  ,  liie  experimental  results  provide 

a 

satisfactorily  accurate  values;  in  cases  such  > 
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the  wind  tunnel  data  may  not  be  directly  applicable  to  the  full-scale 
airframe  because  of  Reynolds  number  and  aeroelastic  effects. 

Sane  of  the  sources  of  error  in  conventional  wind  tunnel  testing  are 

!•  Scale  effects  due  to  the  low  Reynolds  number  of  the  test 
continue  to  be  the  largest  source  of  wind  tunnel  error. 

2.  The  choking  phenanena  at  high  subsonic  Mach  numbers  in 
subsonic  wind  tunnels  was  an  early  source  of  error;  however,  today  this 
problem  should  be  easily  avoidable  in  practice. 

3.  Inaccurate  corrections  to  the  data,  such  as  tare,  alignment, 
and  wall  corrections  can  be  a  problem.  Most  modem  wind  tunnels  try  to  keep 
corrections  small  to  prevent  serious  errors. 

4.  Incorroct  <iuplication  (or  no  duplication)  of  power  effects 
leads  to  inaccuracies.  Recently  great  effort  has  been  nade'to  duplicate 
airflow  thru  model  nozzles;  however,  this  is  still  a  source  of  error. 

5.  Inaccurate  model  representation  of  the  aircraft  by  omission 
of  protuberances,  bomb  racks,  etc.,  has  been  a  pmblem  in  the  past;  however, 
this  can  be  avoided  by  making  the  accuracy  of  the  model  as  accurate  as 
necessary  for  the  required  data.  This  gets  expensive. 

6.  Use  of  solid  wood  or  solid  metal  models  having  different 
percentage  structural  deflections  (different  stiffness)  under  load  than 
does  the  actual  aircraft  leads  to  errors  in  the  data.  Using  "flexible” 
models  to  duplicate  aircraft  structural  deformations  gets  really  expensive. 

7.  Mechanical,  instrumentation,  and  human  errors  occur  in  any 
type  of  testing  or  data  reduction  procedure.®^ 

An  understanding  of  the  sources,  the  importance,  and  the  correction 
of  errors  is  essential  for  interpreting  the  results  of  wind  tunnel  tests. 
Reynolds  number  effects  appear  to  be  prominent  among  these  sources  of  error. 
For  example,  at  lew  Reynolds  nunbers,  Uiere  is  a  tendency  for  boundary  layer 
separation  to  occur  at  a  lower  angle  of  attack  on  the  model  than  on  the  full- 
scale  aircraft,  thereby  causing  earlier  changes  in  such  derivatives  as 
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C  ,  C,  ,  and  C»  ,  as  functions  of  equilibrium  angle  of  attack.  Trips  are 
m  L 

a  a  p 

generally  used  on  the  model  to  create  turbulent  flow,  but  there  is  some 
question  as  to  the  difference  betwe^  naturally  turbulent  flow  and 
artificially  tripped  flow.  In  spite  of  such  limitations,  wind  tunnel 
testing  is  a  powerful  tool  in  the  hands  of  11)6  designer  if  he  exercises 
great  care  in  test  procedures  and  in  data  interpretation. 


^Danping  Derivative  Wind  Tunnel  Testing. 

Very  often  in  practice  wind  tunnel  testing  of  a  design  stops  witli 
the  procedure  just  described.  Methods  do  exist  fcr  determining  the  danp- 

ing  derivatives  (those  due  to  rates  such  as  C«  )j  but  facilities  for  this 

P 

type  testing  are  limited  and  their  use  for  evaluations  of  aircraft  designs 
is  not  widespread.  Four  methods  of  evaluating  danping  derivatives  are 
in  use. 


The  first  method  is  use  of  a  rolling  flew  tunnel.  The  basic  pur¬ 
pose  is  to  duplicate,  as  accurately  as  possible,  the  flew  pattern  con¬ 
ditions  which  exist  around  an  aircraft  when  it  executes  a  pure  rolling 
notion  in  actual  flight.  One  technique  is  use  of  a  balance  system  which 
can  be  rotated.  A  second  technique  rotates  the  tunnel  airstream  by  means 
of  a  rotor  equipped  with  curved  vanes.  This  technique  has  the  advantage 
that  it  permits  all  forces  and  nonents  to  be  measured  on  the  model  mounted 
on  a  conventional  balance  system.  But,  this  technique  does  not  exactly 
simulate  the  conditions  of  an  aircraft  in  steady  roll  or  of  a  model  in 
forced  rotation,  for  there  is  a  buildup  of  static  pressure  near  the  tunnel 
walls  due  to  centrifugal  force  acting  on  the  rotating  air,  which  results 
in  a  pressure  variation  along  any  radius,  a  condition  which  does  not  exist 
when  an  airplane  rotates.  However,  this  pressure  variation  effect  prob¬ 
ably  does  not  play  an  important  part  in  most  tests.  Both  these  techniques 
appear  to  be  attractive  methods  of  obtaining  rolling  moment  derivatives; 

data  obtained  from  tests  show  them  to  be  in  consistent  agreement,  and 
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in  additicjn,  such  data  check  closely  with  calculated  values  of  . 

P 

The  second  method  is  for  mecisuring  stability  derivatives  due 
to  yawing  velocity,  r,  and  to  pitching  velocity,  q,  snd  is  somewhat  similar 
in  principle  to  the  rolling— flow  technique.  The  lir  flew  in  the  wind 
tunnel  follows  a  curved  path  in  the  vicinity  of  the  model  and  has  a 
velocity  variation  normal  to  the  circular  arc  streamlines  in  direct  pro¬ 
portion  to  the  local  radius  of  curvature  of  Uie  flow.  Such  a  flow  is 
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nade  possible  by  using  a  curved  test  section  in  coiibination  with  a  variable- 
mesh  screen  designed  to  form  a  reduced  velocity  region  on  the  inner  side 
of  the  curved  section.  The  model  is  fixed  to  a  conventional  balance  sys¬ 
tem,  and  the  forces  and  nonents  acting  on  the  model  are  measured  as  func¬ 
tions  of  either  yawing  velocities  cr  pitching  velocities  depending  upon 
the  orientation  of  the  model  with  respect  to  the  curved  flow.  By  this 

means  it  is  possible  to  determine  the  stability  derivatives  CU  »  C 

r  r’ 

Cn  ,  and  C  .  The  curved  flow  technique  does  not  exactly  reproduce 
r  q  q 

the  conditions  of  an  airplane  flying  in  a  curved  path,  since,  for  the 

model,  there  is  a  static  pressure  gradient  created  by  the  centrifugal 

farces  on  the  air  mass  in  rotation,  which  causes  an  apparent  lateral 

buoyancy.  Corrections  for  this  effect  can  te  calculated  and  applied. 

This  static  pressure  gradient  also  produces  a  tendency  for  boundary  layer 

air  on  the  model  to  flow  toward  the  center  of  rotation,  a  tendency  opposite 

to  that  in  actual  fli^t.  This  effect  cannot  be  evaluated  accurately  at 

present,  but  it  is  known  to  be  of  secondary  imporlrance.  Turbulence  is 

also  a  secondary  coiplication  not  readily  amenable  to  mathenatical  analy- 
.  65 

SIS. 

Another  method  of  attacking  the  problem  of  evaluating  the  damping 
derivatives  is  a  model  oscillation  technique  using  either  forced  or  free 
model  oscillations.  In  either  case,  the  model  is  mounted  in  a  conven¬ 
tional  wind  tunnel  on  a  single  strut  and  is  free  to  rotate  essentially  as 
a  one-degree-of-freedom  system  in  either  pitch  or  yaw.  In  the  free 
oscillation  method,  a  torsion  spring  provides  a  restoring  moment,  so  that 
a  damped  oscillation  results  from  merely  displacing  and  releasing  the 
model.  An  oscillograph  or  hi.^-speed  motion  picture  camera  records  the 
resulting  motion.  The  total  danping  is  then  evaluated  from  the  decay  of 
the  amplitude  of  the  oscillation.  The  forced  oscillation  method  is  some- 
vhat  more  ccnplex,  for  it  requires  a  mechanism  designed  to  maintain  a 
steady  oscillation  by  applying  a  sinusoidally  varying  yawing  or  pitching 
moment.  This  technique  is  similar  to  the  frequency  response  method 


98 


of  obtaining  derivatives  from  fli^it  test.  Recorded  time  histories  are  analyzed  for 
pitch  or  sideslip,  angular  acceleration,  and  applied  moment.  From  these 
data,  the  nonents  acting  on  the  model  at  zero  acceleration  can  be  deter¬ 
mined,  and  from  these  manents,  in  turn,  the  danping  derivatives  can  be 
obtained. 

Reasonably  good  agreement  has  been  reported  among  the  curved- flow 
technique,  the  free  oscillation  technique,  and  the  calculated  results. 

In  general,  data  obtained  fron  the  curved  flow  tunnel  tests  indicate 
satisfactory  measurement  of  the  rotary  characteristics  caused  by  yawing 
or  pitching  velocity,  and  the  accuracy  attained  is  considered  superior  to 
that  of  other  techniques.  Data  derived  by  the  forced  oscillation  pro¬ 
cedures  are  not  expected  to  be  eis  accurate  as  those  obtained  by  the  free 
oscillation  technique  because  of  the  difficulty  in  obtaining  records  free 
ffon  randan  disturbances.  On  the  other  hand,  forced  oscillation  enables 

one  to  determine  results  in  the  high  lift  coefficj'.ent  range  where  diffi- 
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culty  is  ejqjerienced  with  free  oscillation.  ’ 

If  the  values  of  C  and  C  are  determined  for  a  tjaiTticular  model 
n  m 

r  q 

by  means  of  the  curved  flow  technique,  it  is  theoretically  possible  to 

determine  the  derivatives  C  and  C  ^  by  performing  oscillation  tests  on 

a 

the  same  model.  This  is  not  normally  done  in  practice  because  of  the 

65 

inaccuracy  of  the  data  involved  in  the  two  types  of  testing. 

Ccmparisons  of  free  oscillation  and  curved  flow  techniques  in¬ 
dicate  satisfactory  agreement  for  moderate  lift;  however,  at  high  lift 

65  78 

coefficients ,  differing  values  of  C  are  obtained  by  these  two  methods .  ’ 

“r 

The  latest  method  used  for  determining  damping  derivatives  in¬ 
volved  mounting  the  model  on  gas  bearings  and  telemetering  data  outside 
the  tunnel.  This  is  a  very  expensive  technique  and  has  only  been  used 
on  one  test  program  to  date. 
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^Transonic  Wind  Timnel  Testing. 


Wind  tunnel  testing  in  the  transonic  range  is  extr'emely  diffi¬ 
cult  and  unreliable  in  subsonic  tunnels  because  of  choking  phenanena 
between  the  model  and  the  tunnel  walls.  One  method  of  obtaining  data  in 
the  transonic  region  is  to  modify  existing  high  subsonic  wind  tunnel  test 
sections  with  a  suitably  contoured  bump  on  vdiich  small  reflection  plane 
(half-span)  models  can  be  mounted.  Even  though  the  tunnel  is  operating 
at  subsonic  speeds,  the  increase  in  flow  velocity  over  the  bump  creates 
a  localized  area  of  transonic  and  supersonic  ^felch  numbers.  Because  of 
the  gnwn  size  of  the  model  used,  tunnel  choking  phenanena  are  avoided. 

One  disadvantage  of  this  method  is  that  the  local  increase  in  velocity 
oyer  Idie  bump  is  not  uniform;  there  is  a  velocity  gradient  as  a  function 
of  distance  away  fron  the  surface  of  the  bump.  This  means  that  the  model 
is  sxibjected  to  a  Mach  number  gradient  in  the  direction  of  the  span. 
Another  disadvantage  of  this  method  is  that  the  data  are  obtained  at  low 
Reynolds  numbers  because  the  models  of  necessity  must  be  very  small- 
approximately  six  inches  in  half-span.  Because  half-span  models  are  used, 
only  static  longitudinal  stability  derivatives  can  be  determined.  The 
Jfech  number  gradient  and  the  low  Reynolds  nunibers  of  the  tests  are  the 
inevitable  penalties  for  the  avoidance  of  choking,  and  they  scmetimes 
constitute  sufficient  reason  for  skeptical  attitudes  toward  bump  model 
test  results. 

Modem  transonic  wind  tunnels  are  capable  of  stabilizing  at  any  given 
M=ich  number  in  the  transonic  speed  range;  Reflected  shock  waves  are  kept 
off  the  model  by  using  small  models  and  porous  walls  in  the  tunnel  test 
section. 


A/(xM  f  SbSeJyit 
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The  prineiy  USAF  facilities  for  transonic  wind  tunnel  testing  are 
located  at  the  Arnold  Engineering  and  Developnent  C^ter  (AEDC),  Tullahona, 
Tennessee.  The  16-ft  transonic  tunnel  is  a  continuous-flow  closed-circuit 
tunnel  with  a  16  ft  by  16  ft  test  section  capable  of  operating  within  a 
Mach  number  range  of  0.2  to  1.6.  The  Reynolds  number  test  range  is  from 
100,000  to  7,500,000  per  ft.  This  tunnel  was  designed  pritiarily  for 
testing  the  aerodynamic  performance  of  full-scale  engine  installations 
on  partial  aircraft  models,  large  aircraft  models,  or  large  and  full-scale 
missiles.  In  general,  test  results  should  be  satisfactory  if  a  sting 

nounted  model  is  no  longer  than  22  ft  and  if  the  wing  span  does  not  exceed 

102  .  . 

.12  ft.  ■  Recently  (August  78)  tests  were  conducted  in  this  tunnel  ar;  part 

of  the  Advanced  Figjiter  Technology  Integration  (AFTI)  program  on  snail- scale 
~  —  .  124 

models  of  the  McDonnell  Douglas  ATTI-IS  and  the  Oeneral  Dynamics  AFTI-IO. 

The  AEDC  also  has  a  4-ft  transonic  tunnel  with  a  4  ft  by  4  ft  test  section 

capable  of  operating  from  Ifech  number  0.1  to  1.3  and  1.6  to  2.0.  The  Reynolds 

number  range  for  this  tunnel  is  200,000  to  7,700,000  per  ft.  This  4-ft  tunnel 

was  designed  primarily  for  store- separation  testing  but  is  also  used  extensively 
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for  stability  and  control  testing. 

The  NASA  Ames  Research  Center  presently  operates  a  transonic  wind  tunnel 

with  an  11  ft  by  11  ft  test  section.  This  tunnel  was  used  recently  for 
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tests  of  a  1/6  scale  half-span  floor  mounted  F-111  TACT  model. 

The  NASA  Langley  Research  Center  is  about  to  start  construction  on  a  new 
transonic  tunnel  which  will  be  part  of  a  national  test  facility  and  available 
for  use  by  all  government  agencies. 

^Supersonic  Wind  Tunnel  Testing. 

At  the  present  time,  the  design  trend  for  supersonic  tunnels  is  towaixj 
the  conventional  closed-circuit.  Other  arrangements  have  been  or  are  being 
used,  however.  In  the  "blow  down"  type  tunnel,  for  example,  the  air  is 
pumped  under  pressure  into  a  large  reservoir  before  the  test  and  is  released 
during  the  test  to  atmospheric  pressure  threugh  a  model  test  section  in  which 
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supersonic  velocities  are  attained  on  sting  mounted  models.  Because  of 
the  large  amounts  of  power  required  to  drive  the  air  at  very  high  velocities 
in  the  conventional  tunnel  arrangement,  the  size  of  the  tunnel  is  usually 
small,  a  restriction  which  in  turn  places  severe  limitations  upon  the  size 
of  the  nodels  to  be  tested.  The  resulting  large  difference  in  Reynolds 
number  between  the  models  and  the  full-scale  aircraft  irekes  the  interpreta¬ 
tion  and  application  of  most  supersonic  wind  tunnel  data  on  stability 
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derivatives  difficult . 

The  AEDC  does  have  a  big  closed-circuit  supersonic  tunnel  as  well  as 
several  smaller  ones.  The  big  one  has  a  16  ft  by  16  ft  test  section  and 
when  it  runs  all  the  lights  between  Cincinnati  and  Atlanta  go  dim.  It 
usually  runs  about  2  AM.  The  AEDC  supersonic  wind  tunnel  capabilities  are 
sumnarized  in  the  following  table: 


TABLE  1: 
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AEDC  Supersonic  Wind  Tunnels 

Test  Section 

Speed 

Reynolds  No. 

Size 

(Mach  No.) 

(per  ft) 

16'  X  16' 

1.50  -  4.75 

100,000  -  2,500,000 

40"  X  40" 

1.5  -  6.0 

1>000,000  -  6,000,000 

0Free-Fli^t  Wind  Tunnel  Testing. 

In  the  free-f light  tunnel  technique,  the  model  is  not  attached  to  any 
sort  of  balance  system,  but  is  allowed  to  mwe  freely  within  the  test 
section  of  the  tunnel.  The  model  has  movable  control  surfaces,  and 
its  notions  can  be  controlled  by  a  hirnan  "pilot"  who  flies  the  model  as 
he  would  a  full-scale  aircraft.  The  free-f Light  tunnel  is  not  used  pri¬ 
marily  to  obtain  specific  numerical  values  of  stability  derivatives,  but 
rather  to  study  the  general  stability  and  control  behavior  with  reference 
to  desirable  flying  qualities  from  a  pilot's  viewpoint.  However,  it  is 
possible  to  obtain  quantitative  stability  derivative  data  by  analyzing 
motion  picture  records  of  the  response  of  the  model  to  control  inputs.  ’ 
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Recently  inaximum  l:ikelihocxl  parameter  estimation  technicjues  were  used 
on  cable  mounted  models  of  the  F-14  and  Space  Shuttle  orbiter  vehicle  to 
extract  stability  derivatives.  The  conclusions  were  that  the  longitudinal 
and  lateral-directional  derivatives  for  each  model  generally  appeared  to  be 
"reasonable"  when  compared  with  derivatives  obtained  from  other  sources  • 
and  when  used  to  predict  other  data  points."^ 

Some  of  the  data  from  free-flight  testing  have  been  found  to  conflict 
with  full-scale  test  data.  The  earlier  boundary  layer  separation  on  the 
model  due  to  the  lower  Reynolds  number  very  likely  accounts  for  the  largest 
portion  of  the  disagreement.  Stall  characteristics  are  not  too  clearly 
demonstrated  by  the  free-fli^t  model,  and  spiral  stability  is  difficult 
to  measure;  but  the  test  is  useful  for  conparisons  between  different 
fli^t  conditions  and  different  configurations.  Considerable  scatter  in 
observations  is  inevitable  because  steady  conditions  cannot  be  obtained 
before  application  of  the  controls.  ’  The  characteristics  of  the  B-1 
at  hi^  angles  of  attack  were  investigated  with  a  free-flight  model.  These 
tests  predicted  that  the  B-1  would  have  a  pitch-up  tendency.  This  tendency 
has  not  yet  been  conclusively  shown  by  flight  tests. 
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Model  Fli^t  Testing.  Early  attenpts  at  free-fall  model  testing 
were  to  attain  transonic  Mach  numbers.  The  model  was  carried  to  high 
altitude  then  dropped,  thus  using  gravity  as  a  source  of  power.  During 
its  descent,  the  model  was  tracked  by  radar  and  optical  tracking  equip¬ 
ment  to  deterroine  its  "general"  fli^t  path.  Models  were  equipped  with 
radio-operated  controls  and  instrumentation  for  determining  the  response 
of  the  model  to  control  inputs.  The  response  data  was  transmitted  to 
ground  stations.  The  method  was  used  mainly  to  study  lift  and  drag 
characteristics.  The  cliief  advantage  of  this  method  is  that  large  models 
can  be  made  to  pass  gradually  throu^  the  transonic  region  under  truly 
free-air  conditions.  The  main  disadvantage  of  early  testing  was  that  the 

model  and  its  costly  instrumentation  package  was  destroyed  upon  ground 

^  65 
mpact. 


Free-fall  model  tests  were  performed  recently  by  NASA  on  a  3/8- 

scale  model  F-15.  The  model  F-15  Remotely  Piloted  Research  Vehicle  (RPRV) 

and  the  F-15A  aircraft  were  of  the  same  configuration  except  that  the  F-15 

RPRV  is  unpowered  and  the  F-i5A  powered.  Stability  and  Control  maneuvers 

were  performed  on  the  F-15A  airplane  and  the  F-15  RPRV.  The  maneuvers  on 

the  F-15A  airplane  were  performed  at  three  engine  mass  flow  rates  to 

assess  the  effect  of  the  propulsion  system  on  the  stability  and  control 

derivatives.  A  complete  set  of  stability  and  control  derivatives  were 

obtained  for  both  vehicles  using  the  MMLE  digital  program. 

These  derivatives  were  obtained  on  both  vehicles  over  an  angle  of  attack 

range  of  approximately  15°  to  20°.  .The  propulsion  system  appeared  to 

have  little  effect  on  the  derivatives.  In  general,  very  good  agreement 

was  found  between  the  estimates  fron  the  two  vehicles.  Agreement  was 

good  for  C  and  C  .  The  trend  for  C  was  the  same  for  both  vehicles, 
"g  ^r 

but  the  F-15A  airplane  had  more  rudder  power.  There  was  no  trend  in 

for  the  F-15A  aircraft  to  indicate  that  an  extrapolation  of  the  mass 
'^r 

flow  rates  would  account  for  this  difference.  Since  C  and  C  for  both 

"r 
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vehicles  were  in  gcxxi  agreement,  it  is  unlikely  that  an  error  in  the 
nonent  of  inertia  in  one  of  the  vehicles  would  account  for  the  difference. 

Therefore,  the  difference  in  C  between  these  vehicles  was  attributed 

n  p. 


to  scale  effect. 


58,80,81 
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Free-fall  nodel  testing  has  developed  into  free-fli^t  nKxiel  test¬ 
ing.  The  development  of  recovery  procedures  for  the  model  has  permitted 
an  increase  in  the  use  of  this  technique.  The  concept  of  using  Remotely 
Piloted  Vehicles  (RPVs)  as  test-beds  has  been  under  development  at  the 
NASA  Dryden  Fli^t  Research  Center.  Since  the  experimental  aircraft  in¬ 
volved  do  not  have  to  be  man-rated,  development  can  be  speeded  up  and  costs 
kept  to  a  minimum.  The  next  generation  of  free-fli^t  models  will  be  the 
Ittghly  ^^euverable  A^craft  Technology  (HiMAT)  aircraft  which  is  an 
almost  half-scale  model  of  a  1990s  filter  powered  by  a  single  General 
Electric  J-85  engine.*  Fli^t  testing  of  this  aircraft  is  scheduled  to 
begin  in  June  1979.^^ 


There  are  other  model  flight  test  methods  which  have  been  used 
for  flying  quality  testing,  but  are  not  widely  used  today.  One  technique 
used  for  transonic  testing  was  to  place  a  very  smll  full-span  or  half¬ 
span  model  on  the  wing  of  an  aircraft  in  the  vicinity  of  maximum  thick¬ 
ness.  The  test  procedure  consisted  of  diving  the  aircraft  fran  hi^  alti¬ 
tude  and  accelerating  throu^  the  transonic  range  providing  a  continuous 
sequence  of  aircraft  and  model  flight  test  data.  Another  technique 
launched  or  fired  solid  metal  models  carrying  no  instrumentation  fran  a 
special  gun.  Aileron  power  and  roll  danping  were  determined  £ran  photo¬ 
graphs  of  the  ballistic  trajectory.  Rocket-powered  models  with  and  with¬ 
out  instrumentation  have  also  been  used  with  varying  degrees  of  success. 
These  techniques  are  described  in  more  detail  in  Reference  65. 


*See  page  13-106  for  details 
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Highly  Maneuverable  Research  Vehicle 


Wrigkt-PaiUnoH  AFB^  Ohio 

The  Air  Force  and  NASA  have  unveiled  a 
higidy  maneuverable  aircraft  technology 
(HiMAT)  research  vehicle  at  Rockwell  Inter¬ 
national  Corp.’s  Los  Angeles  Division,  £1 
Segundo,  Calif. 

HiMAT-an  unmanned,  remotely  piloted  re¬ 
search  vehicle-could  be  the  basis  for  a  fighter 
design  of  the  1990s.  It  is  scheduled  for  flight 
testing  in  late  November. 

AFFDL  Participates 

AFSC’s  Air  Force  Right  Dynamics  Labora¬ 
tory  (AFFDL)  here  is  the  Air  Force  organiza¬ 


tion  responsible  for  HiMAT,  which  is  one-third 
die  scale  of  most  fighter  aircraft. 

IliMATs  missions  will  begin  with  air  kuinch 
at  about  45,000  feel  from  a  B-52  bomber  over 
NASA’s  Drydcn  Fliglil  Research  Center 
(DFRC),  Edwards  AFB,  Calif,  Tiie  unmanned 
vehicle  will  be  flown  for  20  to  30  missions  by  a 
ground  pilot  at  the  DFRC  facility  and  land  at 
AFFTC’s  Rogers  Dry  Lake  bed  on  skids. 

Primary  purpose  of  the  HiMAT  program  is  to 
enhance  the  maneuverability  of  future  U.S. 
figlitcr  aircraft  at  transonic  speeds  (700  to  780 
miles  per  hour)  and  during  air-to-air  combat. 

The  vehicle’s  flight  test  program  especially 


*  From  AFSC  Newsrevir^v, 
>1ay  78,  Vol.  XXII, 

Mo.  5,  Andrews  AFB 
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‘First’  Recorded 

AFFDL  consultants  report  that  HiMAT  is  the 
first  research  vehicle  anywhere  to  fly  with  an 
aeroelastically  tailored  composite  lifting  sur¬ 
face. 
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THIS  artist’s  rendering  shows  what  the  HiMAT  research  aircraft  will  look  like  over  NASA’s  Hugh 
L.  Dtyden  Right  Research  Center,  Edwards  AFB,  Calif.,  where  it  will  be  flight-tested.  The 
3,400-pound  unmanned  vehicle  is  22.5  feet  long  and  4.3  feet  high  with  a  15.6-foot  wingspan. 
(Rockwell  International  Illustration) 

will  evaluate  HiMAT’s  high-speed  turns  at 
30,000  feet,  plus  diving  and  puUup  maneuvers 
that  simulate  ground-strafing  runs.  ^ 

Such  maneuvers  would  be  possible  largely 
because  of  aeroelastic  tailoring  (AT),  a  struc¬ 
tural  design  concept  conceived  by  AFFDL. 
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Full-Scale  Fli^t  Testing 

In  general,  the  accuracy  of  the  values  of  derivatives  obtained 

frcm  flight  testing  is  considered  better  than  that  from  any  other  method. 

The  flegree  of  accuracy  obtained  depends  upon  the  fliji^t  test  technique, 

the  quality  of  the  instrumentation,  the  data  analysis  technique j  and, 

since  some  sort  of  averaging  prcxiess  must  be  applied,  the  total  number  of 
65 

samples  taken. 

The  history  of  the  development  of  fli^t  test  techniques  for 

determining  stability  derivatives  was  briefly  traced  in  Section  1.  In 

general,  there  are  three  flight  test  techniques  from  vdiich  stability 

derivatives  can  be  obtained,  (1)  steady-state  flight  test  techniques, 

(2)  transient  response  techniques,  and  (3)  sinusoidal  oscillation  tech- 
65 

niques. 


Steady-State  Fli^t  Test  Techniques.  Steady-straight  techniques 
can  I'm  used  to  determine  static  derivatives.  Steady- turning  type  maneu¬ 
vers  permit  sane  rate  derivat5.ves  to  be  determined  e.g.  and  Ca  . 

By  stabilizing  the  aircraft  in  straight  and  level  flight  at  different 
airspeeds  and  at  different  center  of  gravity  locations ,  and  then  measur¬ 
ing  the  elevator  required  for  trim,  it  is  possible  to  obtain  numerical 

values  of  the  derivatives  ^m  ’  n>3ny  cases, 

a  a  a  6  6 

e  e 

however,  the  explicit  value  of  each  derivative  cannot  be  obtained 
separately  unless  the  values  of  the  other  derivatives  can  be  assumed  or 
estimated  frcm  model  tests  or  a  different  flight  test  technique. 

If  steady  pull-up  type  maneuvers  are  performed  at  constant  for¬ 
ward  speed  the  value  of  C  can  be  roughly  evaluated,  if  C  is  known, 

"q 

^  e 

since  the  additional  elevator  deflection  over  that  required  for  trim  can 
be  measured. 
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Steady  sideslips  yield  data  both  on  the  static  directional 
derivatives  Cy  ,  C  ,  and  Cp  ,  and  on  the  control  derivatives  Cy 

C  5  C  ,  and  C„  .  Here  again,  however,  as  with  the  longitudinal  case, 
r  a  a 

none  of  the  derivatives  can  be  evaluated  explicitly  unless  values  of  sane 
of  the  others  are  assumed.  This  procedure  is  not  as  difficult  as  it  may 
at  first  appear.  ELight  test  values  of  C  ,  can  be  easily  obtained  by 

"3 

measuring  the  period  of  the  Dutch  roll  oscillation;  and  aileron  effective¬ 
ness,  Cp  ,  c^an  be  estimated  fairly  accurately  from  model  tests  and  rate 
a 

of  roll  flight  tests.  If  C  ,  ejid  C„  are  known,  the  remainder  of  the 

static  directional  derivatives  can  be  evaluated  firon  simple  steady  flight 

65 

side  force,  yawing  moment,  and  rolling  moment  equations. 

Ail  "the  maneuvers  which  are  used  in  these  steacfy  flight  tech¬ 
niques  are  presca?ibed  as  part  of  the  contractor's  demonstration  that  his 
airplane  meets  military  flying  qiiality  requirements.  These  data  will 
therefore  be  readily  available  for  all  prototype  military  aircraft.  It 
may  be  seen,  however,  that  these  techniques  yield  little  information  on 
many  of  the  dynamic  derivatives;  other  techniques  must  be  used  to  obtain 
such  data.^^ 

Methods  for  reducing  data  to  obtain  derivatives  from  steady-state 
neneuvers  will  be  described  as  each  stability  derivative  is  discussed 
individually. 
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Transient  Response  Techniques.  The  transient  (dynamic)  response 
technique  appears  to  be  the  most  practical  fli^t  test  method  for  deter¬ 
mining  both  the  stability  derivatives  and  the  transfer  functions  of  the 
airframe.  In  this  technique,  sesne  measurable  input  is  applied  to  the  air¬ 
frame,  and  stability  derivatives  and  transfer  functions  are  determined 

C  C 

frc»n  the  resulting  transient  response  data. 

The  advantages  of  the  transient  technique  over  the  sinusoidal 
flight  testing  tecJinique  are  that  much  less  actual  flight  time  is  re¬ 
quired  and  that  stability  derivatives  can  be  obtained  directly  from  the, 
transient  data  without  performing  a  frequency  response  analysis.  Further, 

the  frequency  response  of  an  airframe  can  be  derived  mathematically  frc»n 

65 

transient  flight  data. 

The  input  magnitude,  duration,  and  form  are  iirportant.  Selection 
of  input  type  is  also  strongly  influenced  by  the  method  of  data  analysis. 
Step  inputs  are  useful  vAien  the  airframe  is  able  to  reach  a  steady- state 
value  corresponding  to  the  new  trim  flight  conditions  imposed  by  the  input. 
When  the  airplane  response  cannot  reach  a  steady- state  value,  but  diverges, 
a  pulse  input  is  more  practical  and  also  has  the  advantage  that  the  duration 
and  shape  of  the  pulse  can  be  chosen  to  produce  a  response  whose  major 
contribution  lies  in  the  frequency  range  of  interest.  Siirplified  response 
approximations  exist  for  step  and  impulse  inputs.  Various  response  curve¬ 
fitting  methods  such  as  analog  matching,  and  mathematical  techniques  such 
as  the  Fourier  transform  method  have  been  devised  to  obtain  stability 
derivatives  from  step  and  nrpulse  dynamic  inputs.  Some  of  these  were 
described  briefly  in  Section  p, ^^5^^5^^536,97,98 

Simplified  response  approximations  df)  not  exist  for  more  complex 
inputs,  and  insist  can  be  lost  in  the  conplexity  of  the  analysis. 

Doublets  are  used  for  determining  stability  derivatives  as  well  as  for 
determining  military  flying  quality  specification  compliance.  The 
maneuver  for  extracting  longitudinal  derivatives  using  the  MMLE  pragram 
is  a  rapid  elevator  doublet.  The  lateral-directional  maneuver  is  a  rudder 
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doublet  tol]owerJ  by  thm'  or  four  :;econdri  of  £.;tick-frx.^e  ooci.llatioi)  .and 

60 

terminated  by  an  aileron  doublet.  ’ 

Arbitrary  or  random  inputs  can  also  be  used,  but  analysis  of  the 
results  then  becomes  more  laborious.  Three  maneuvers  have  been  investigated 
here  at  the  AFFTC  while  developing  SIFT  techniques.  These  are:  precision 
air-to-air  tracking,  precision  formation  flying,  and  air  refueling. 

Precision  air-to-air  tracking  has  been  the  most  successful.  Investigation 
is  continuing  to  tailor  th-^  SIFT  precision  tracking  maneuver  to  permit  good 
identification  at  frequencies  below  one  to  two  radians  per  second,  while 
minimizing  the-  impact  on  short  period  identification.  Tracking  maneuvers 
should  be  designed  to  provide  frequency  content  at  both  the  high  and  low  ends 
of  the  flying  qualities  spectrum  (about  one  to  ten  radians  j.)ei’  second)  .ind 
the  control  system  should  be  constrained  to  essentially  linear  operating 
conditions. SIFT  test  techniques  are  discussed  in  detail  here  at  the 
School  in  a  course  titled  Closed  Loop  Handling  Qualities  taught  during  the 
Systems  Test  Phase. 

Sinusoidal  Oscillation  Techniques.  The  sinusoidal  oscillation 
technique  can  be  used  to  determine  the  transfer  function  of  the  airplane. 
Although  stability  derivatives  cannot  be  obtained  directly  by  this  method, 
it  is  possible  to  derive  values  of  certain  combinations  of  derivatives  from 

plots  of  the  transfer  function’.  This  test  technique  was  described  briefly 

.  „  ,  12,55 

an  Section  1. 
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SECTION  4 


INDIVIDUAL  STABILITY  DERIVATIVES 


INTRODUCTION 

The  two  primary  factors  vdiich  establish  the  basic  non-dimensional 
stability  derivatives  for  any  aircraft  are  (1)  the  aircraft  configuration, 

and  (2)  the  flight  conditions;  in  general,  the  first  is  the  most  irapor- 

^  ^  65 
tant. 

Aircraft  Configuration 

Of  all  the  contributing  factors  that  determine  the  basic  non- 
dimensional  stability  derivatives,  the  most  important  is  the  basic  air¬ 
craft  geometry.  A  great  deal  of  theoretical  and  experimental  data  are 
available  on  the  effects  of  geometry.  The  value  of  stability  derivatives 
at  low  Mach  number  can  be  evaluated  to  a  fair  degree  of  accuracy  merely 
fron  an  examination  of  a  three-view  drawing  of  the  aircraft.  Changes  in 
wei^t  distribution  as  an  aircraft  is  operated  throughout  its  flight 
regime  also  change  the  value  of  stability  derivatives.  The  most  irnportant 
wei^t  effect  is  the  shift  of  the  center  of  gravity  either  fore  or  aft 
which  produces  a  very  great  change  in  the  aircraft's  longitudinal  static 
stability. 

Fli^t  Conditions 

Flight  conditions  which  effect  the  value  of  stability  derivatives 

are  (1)  ffech  number,  (2)  angle  of  attack  or  lift  coefficient,  (3)  dynamic 

pressure  (aeroelasticity) ,  (4)  power  or  thrust,  and  (5)  unsteady  flow. 

These  flight  condifiors  are  listed  in  decreasing  order  of  iirportance  and 

65 

will  be  discussed  individually.  • 
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Madi  Number.  The  effect  of  Mach  number  on  basic  stability  deri¬ 
vatives  is  second  in  importance  only  to  the  effect  of  aij?craft  geanetry 
or  configuration.  Every  derivative  is  changed  to  an  appreciable  extent 
as  Mach  number  varies  throu^out  the  speed  range  of  supersonic  aircraft. 
If  any  one  effect  of  Mach  number  is  more  important  than  the  rest,  it  is 
the  effect  of  increasing  longitudinal  static  stability  eis  the  aerodynamic 
center  shifts  aft  vdiile  accelerating  into  the  supersonic  regime.  Another 
very  important  effect  of  Mach  number  is  its  great  influence  upon  the  pri¬ 
mary  control  derivatives.  Control  pcwer  is  usually  increased  an  appreci¬ 
able  amount  transonically,  but  at  supersonic  speeds  approaches  a  value 

65 

about  one-half  that  at  low  subsonic  Mach  numbers. 

Angle  of  Attack.  The  values  of  sane  basic  non-dimensional  sta¬ 
bility  derivatives  depend  on  the  angle  of  attack,  or  lift  coefficient 

65 

vhile  others  are  relatively  unaffected.  Most  longitudinal  derivatives 

are  functions  of  angle  of  attack  at  hi^  angles  of  attack  whero  the  lift 

curve  becoies  nonlinear.  Of  course,  is  a  function  of  angle  of  attack 

a 

even  on  the  linear  part  of  the  lift  curve.  M3st  lateral  derivatives 
change  with  angle  of  attack,  although  a  few  remain  fairly  constant  up  to 
the  stall.  Even  though  stability  derivatives  are  actually  functions  of 
angle  of  attack,  they  are  usually  evaluated  at  a  given  trim  condition  and 
are  therefore  assumed  to  remain  constant  during  any  angle  of  attack  per¬ 
turbation  fron  equilibrium.  This  assumption  must  be  made  to  maintain  the 
linearity  of  the  equations  of  motion.  It  is  clear  that  the  validity  of 
this  assumption  depends,  first,  on  hew  much  the  derivatives  change  with 

a  small  change  in  angle  of  attack;  and  second,  on  how  much  these  changes 

6  5 

in  derivatives  affect  the  aircraft  dynamics. ° 

Dynamic  Pressure.  Until  a  few  years  ago,  the  only  aeroelastic 
effects  on  the  dynamics  of  an  aircraft  considered  important  were  the 
reduction  in  maximum  roll  rate  due  to  a  reduction  in  roll  control  power. 
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and  the  increase  in  naneuvering  stability  due  to  pitch  rate.  Since  that 
time  because  of  lighter  structures  and  thinner  wings,  aeroelastic  effects 
on  other  d^ivatives  have  becone  appreciable. 

Aeroelastic  effects  are  primarily  functions  of  d3aiaiiiic  pressure. 
Since  dynamic  pressure  can  be  expressed  as  14816M^  it  is  clear  that 
dynamic  pressure  increases  as  ffech  number  increases  and  as  altitude 
decreases  (pressure  ratio  increases).  It  can  be  concluded  then  that  aero¬ 
elastic  effects  are  largest  flying  at  high  Mach  number  at  low  altitudes.®^ 
For  most  stability  and  control  investigations  the  change  in  altitude  or 
^fa.ch  number  during  a  test  maneuver  are  small  enou^  to  be  neglected. 

Structural  rigidity  is  very  inportant  in  detemining  the  magni¬ 
tude  of  the  aeroelastic  effects  on  stability  derivatives.  The  more  rigid 
the  structure,  the  more  it  can  resist  the  air  loads,  and  the  less  it  is 
subject  to  aeroelastic  deformations.  The  amount  of  rigidity  possible  is 
limited  by  considerations  of  weight  and  aerodynamics.^^ 

Power  or  Thrust.  In  general,  power  effects  on  the  basic  stability 
derivatives  are  small.  It  is  not  too  difficult  to  calculate  or  estimate 
the  major  effects  theoretically.  Most  d5namic  analyses  neglect  jet  power 
effects.  Jet  power  effects  considering  longitudinal  equilibrium  or  trim 
can  be  large  due  to  the  nonent  fron  a  thrust  line  not  passing  through  the 
center  of  gravity.  Propelleivdriven  aircraft  are  subject  to  large  power 
effects  because  the  tail  surfaces  are  usually  immersed  in  the  propeller 
slip-stream. 

Unsteady  Flow.  Although  the  effect  of  unsteacfy  flow  on  stability 
derivatives  has  been  taken  into  consideration  for  many  years  in  aero- 
d5aTamic  flutter,  only  recently  has  this  effect  become  important  in 
stability  and  control  considerations  mainly  as  a  result  of  the  higher 
operating  speeds  of  today's  aircraft. 


ll.i 


MDst  unsteady  flew  effects  arise  from  the  fact  that  the  final 
steady  lift  caused  by  an  abrupt  change  in  angle  of  attack  of  a  lifting 
surface  does  not  occur  instantaneously.  For  an  oscillating  wing,  where 
Ihe  angle  of  attack  is  varying  sinusoidally,  the  lift  will  follow  sinus¬ 
oidally,  but  its  magnitude  will  be  smaller  than  that  of  the  non-oscillating 
wing;  in  addition  there  will  be  a  phase  difference  between  lift  and  angle 
of  attack.  This  unsteady  flow  effect  is  a  function  of  the  frequency  of 
the  oscillation  and  also  of  the  Mach  number  at  vfcLch  the  oscillation  is 
occurring. 

Btifore  examing  this,  however,  it  is  necessary  to  understand  how 
unsteady  flow  effects  are  introduced  into  the  equations  of  motion.  In 
accordance  with  the  practice  of  writing  aerodynamrlc  forces  and  moments 
in  terms  of  conventional  stability  derivatives,  tie  latter  must  be  con¬ 
sidered  as  functions  of  frequency  because  of  unsteady  flew  effects.  For 
example : 


+  a  6  +  a  6  +  C,  6^ 

Lj,  e  Li  e  b~  e 
6  0  0 
e  e  e 


(49) 


vhere  tie  stability  derivatives  are  various  functions  of  frequency  and 
^fa.ch  nuitier. 

In  general,  all  the  aerodynamic  derivatives  of  an  aircraft  behave 
in  a  similar  manner.  It  is  clear  therefore  that  the  effect  of  unsteady 
flow  on  conventional  stability  derivatives  is  to  change  them  frem  real 
numbers  to  complex  numbers ,  the  real  and  imaginary  parts  of  vAiich  are 
functions  of  the  frequency  of  the  oscillation  and  the  Mach  number  at 
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which  the  oscillation  is  occurj-’ing. 


6S 


Unsteady  aerodynamic  effects  are  generally  neglected  in  most*  parameter 

estination  techniques.  Several  references  have  shown  that  aerodynamic  parameters 

and  their  variances,  as  determined  from  fli^t  test  data,  are  influenced  by 

147  148 

the  type  of  control  input  used  to  excite  the  aircraft  motion.  ’  These 

differences  have  generally  been  attributed  to  insufficient  excitation  of  the 
aircraft  states  (poor  inputs);  however,  the  possibility  exists  that  unsteady 
aerodynamic  effects  mi^t  account  for  the  observed  differences  in  variances. 

A  recent  study  was  nade  to  develop  simple  concepts  to  permit  modeling  of  un¬ 
steady  aerodynamic  effects  into  existing  parameter  estimation  programs. 

Results  from  this  study  showed  that  a  simplified  theory  duplicated  more  exact 
solutions  in  unsteady  aerodynamics.  A  numerical  example  indicated  that 
estinates  of  the  parameters  were  degraded  if  unsteady  effects  were  not  included 
in  the  estimation  algorithm.  The  most  significant  difference  was  found  to  be 
in  C  vdiich  was  not  unexpected  since  unsteadiness  should  have  a  pronounced 

146 

effect  on  pitch  rate  response  of  an  aircraft . 

In  spite  of  the  great  progress  in  unsteady  f]ow  research,  it  appeal's 
that  no  definite  conclusions  can  be  drawn  at  present  concerning  the  conditions 
under  which  unsteady  flow  should  or  should  not  be  considered  in  evaluating 
stability  derivatives.^^’ 

Summary 

Aircraft  geometry  is  obviously  the  most  important  factor  in  determining 
the  values  of  the  basic  non-dimensional  stability  and  control  derivatives. 

Modern  day  aircraft  are  strongly  effected  by  Mach  number  changes  and  are 
sii)ject  to  aeroelastic  defomationrs.  In  addition,  effects  of  changes  in  angle 
of  attack  on  stability  derivatives  must  be  considered  for  flying  quality 
investigations  of  low  speed  or  hi^  angle  of  attack  maneuvering  characteristics. 
The  importance  of  unsteady  flow  effects  is  still  a  mystery. 
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TYPICAL  INDIVIDUAL  DERIVATIVES 


Reference  64  presen.ts  a  discussion  of  some  of  the  stability  derivatives 
particiilarly  pertinent  in  the  study  of  the  dynamic  modes  of  aircraft  motion; 
however,  each  stability  derivative  will  now  be  examined  individually.  It 
should  be  remembered  that  si.ability  derivatives  are  iwdrial  derivatives  and 
when  they  are  discussed  individually  other  variables  must  be  held  constant. 
For  example: 

L  =  f(u,  a,  a,  q,  6^)  (50) 


therefore  when  discussion  ,  all  the  other  variables  stay  constant. 


u 


The  basic  plots  used  for  presentation  of  the  typical  individual  stability 
and  control  derivatives  shown  in  Figures  11  thru  41  are  frcm  Reference  88 
which  was  classified  at  time  of  initial  p\iblication  in  1952.  These  numerical 


derivative  Vcilues  should  te  considered  estimates,  based  on  trends  shown 
by  analysis,  winci  tunnel  tests,  and  flifirt  test.  Original  Reference  88 
data  can  be  identified  by  miniature  aircraft  planfoms,  and  includes  data 
for  the  D-558-II,  XF-92,  F-89D,  F-86,  X-1,  F-80,  XF-91,  F71J,  and  X-4. 

Data  from  three  other  f;ources.  References  74,  87,  and  100,  have  been  added 
to  the  basic  plots  from  Reference  88. 


Reference  87  contains  a  complete  set  of  stabii.ity  and  control  derivatives 
for  the  F-104A,  C-5A,  F-4C,  X-15,  Lockheed  Jetsta)’,  Boeing  747,  North 
American  XB-70A,  and  severnl  other  aircraft.  In  Reference  87,  aeroelastic 
effects  are  shown  by  presenting  data  representative  of  different  altitudes 
as  shown  by  the  example  F-4C  longitudinal  static  stability  curve  in  Figure 
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Aeroelastic  effects  were  ignored  and  "average"  derivative  values  were 
used  in  transcribing  Reference  87  data  to  Figures  11  tliru  41. 

Some  data  from  Reference  74  on  the  Boeing  727  and  Gates  Lear  jet  Model 
24B  are  also  shown  on  Figures  11  thru  41.  Aeroelastic  variations  were  not 
considered,  or  at  least  not  presented,  in  the  original  reference. 

Reference  100  was  the  source  for  the  Space  Shuttle  Orbiter  vehicle  and 

F-].4  analysis  and  wind  tunnel  data  shown  on  Figures  11  thru  41.  These 

derivatives  are  point  data,  i.e.,  the  F-14  derivatives  are  for  a  Mach  number 

2 

of  0.865  and  a  dynamic  pressure  of  81  Ib/ft  ,  and  the  Orbiter  derivatives 

2 

are  for  a  Mach  number  of  0.60  and  a  dynamic  pressure  of  100  Ib/ft  .  When 
wind  tunnel  and  analysis  agreed  reasonably  well,  only  one  value  is  shown 
for  the  F-14  and  Orbiter  derivatives.  When  there  was  disagreement,  derivatives 
are  labeled  either  (analysis)  or  (wind  tunnel),  as  appropriate.  Reference  142 
was  the  source  for  Space  Shuttle  Orbiter  vehicle  flight  test  derivatives  which 
are  labeled  (MMLE).  The  F-14  and  Orbiter  derivatives  ccmbine  q  and  a  effects 
into  the  q  derivatives,  and  combine  r  and  6  effects  into  the  r  derivatives. 

Where  necessary,  derivatives  have  been  converted  to  the  USAF  Test  Pilot 
School  sign  convention  shown  in  Figure  7. 

EQUILIBRIUM  LIFT  COEFFICIENT,  C^^ 

Although  not  referred  to  as  a  stability  derivative  in  the  usual  sense, 
equilibrium  lift  coefficient  is  one  of  the  basic  parameters  used  to  specify 
the  trim  condition  of  an  aircraft.  In  longitudinal  dynamics,  variations  in  C, 

Li 

principally  affect  the  phugoid  mode,  with  both  damping  and  period  decreasing  with 
an  increase  in  C, .  In  addition,  because  many  lateral  derivatives  are  functions 
of  C. ,  the  lateral  dynamics  are  also  affected.  The  main  effect  is  a  decrease 

Li 

65 

in  Dutch  roll  damping  with  an  increase  in  Cj^. 
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Tor  perforriBiice ,  a  large  raiige  of  equilibrium  lift  coefficients  is 
desirable  to  allow  trim  at  high  and  low  airspeeds.  These  performance 
considerations  obviously  tcike  precedence  over  the  stability  preference 
for  low  values  of  C^. 

The  equilibrium  lift  coefficient  for  any  trim  point  can  be  evaluated 

85 

from  fli^t  test  using  the  following  relationships: 


nW 

1/2  S 

EQUILIBRIUM  DRAG  COUmCTlM’,  Cp 

Like  C, ,  equilibrium  drag  coefficient  is  not  a  stability  derivative 

Li 

in  the  usual  sense.  For  perfornance,  Cp  is  one  of  the  most  important 
parameters  and  should  be  as  small  as  possible.  When  dynamics  are  con¬ 
cerned,  Cp  is  the  main  contributor  to  damping  of  the  phugoid  mode,  and 
the  larger  the  value  of  Cp,  the  better  the  damping.  Clearly  then,  per¬ 
formance  dictates  low  design  values  of  Cp. 

The  equilibrium  drag  coefficient  for  any  trim  point  can  be  evaluated 

from  flight  test  using  the  following  relationships  which  assume  that 

85 

inflight  values  of  net  thrust  can  be  determined: 


or 


nW 


14816M^S 


n 


1/2  pX  S 
o  e 


or  C 


n 


D  2 

14816M  S 
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CHANGE  IN  LIFT  COEFFICIENT  WITH  FORWARD  VELOCITY,  C, 

ij 

_  u 

Variations  in  Cj^  arise  from  two  sources,  ^fa.ch  number  and  aeroelastic 
u 

effects.  The  magnitude  of  Cj^  can  vary  considerably  and  its  sign  can 

u 

change,  depending  on  airframe  elastic  properties  and  the  flight  Mach 

number  and  dynamic  pressure.  The  magnitude  of  Cj^  is  negligibly  small 

u 

for  low  speed  and  high  supersonic  Mach  number,  but  it  may  reach  large 

77  86 

values  near  critical  Mach  number.  ’ 


Since  Cj^  is  primarily  caused  by  Mach  number  it  is  scmetimes  written 
u 

as  shewn  in  Equation  53: 


=  C.  M  (53) 

hi 

Reference  74  gives  the  appopoxirnate  transonic  variation  of  C,  as 

u 

from  -0.2  to  0.6.  This  derivative  is  very  sensitive  to  wing  shape,  high 

aspect  ratio  being  most  affected  and  highly-swept  and  delta  wings  being 
86 

least  affected.  Figure  11  shows  typical  variations  of  C,  with  Mach 

u 
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Figure  11:  Variation  of  Cj^  with  Mach  Number  for 

o  n  A-  Jt  87,88 
Several  Aircraft. 
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number.  Note  that  the  F-4C  goes  off-scale  and  varies  from  -0.24  to  0.34. 
The  F-104A  has  a  similar  shape  with  variations  fran  -0.28  to  0.57.  Only  , 
part  of  the  transonic  variation  is  shown  for  the  F-104A  and  XB-70  to 
avoid  cluttering  the  figure.  .. 

Until  recently,  C.  was  given  little  consideration  in  stability  and 

control  work.  The  effect  of  on  longitudinal  stability  is  small  and 

u 

it  mainly  affects  the  phugoid  mode  such  that  increasing  positive  values 
of  .  decrease  phugoid  period. 

Lj 


SPEED-DAMPING  DERIVATIVE, 

_  u 

Aeroelastic  effects  can  be  neglected  for  this  derivative.  The  magni¬ 
tude  of  Cp  is  negligibly  small  for  low  speed  and  high  supersonic  Mfech 
u 

numbers.  It  assumes  a  positive  value  at  critical  Mach  number  and  can 

reach  hi^  positive  values  transonically.  It  is  generally  small  and 

77  86  65 

negative  for  low  supersonic  Mach  numbers.  ’  ’ 


Like  Cl  ,  Cp 
u  \ 

Equation  54: 


can  be  written  in  terms  of  Mach  number  as  shown  in 


C  M 

V 


(54) 
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Reference  74  gives  the  approxiinate  transonic  variation  of  Cj^  as  -0.01  to 

u 

0.30,  Figure  12  :.ihow;5  l.yi:^ic.i.l  variations  with  MacTi  niunlier.  Tlie  F-4(^ 

u 

curve  has  the  same  basic  shape  as  the  F-104A  curve,  but  only  the  peak  is 
shewn.  Note  that  the  X-15  exceeded  the  predicted  range  in  the  negative 
direction  by  a  considerable  amount. 

The  effect  of  a  positive  value  of  on  longitudinal  dynamics  is  an 

u 

increase  in  damping  of  the  phugoid  mode.  From  a  performance  viewpoint, 

the  smallest  possible  value  of  occurring  at  as  hi^  a  Mach  number 

u 

as  possible  is  desirable.  This  indicates  a  high  drag-rise  Mach  number 
and  a  low  transonic  drag  rise. 

VELOCITY  STABILITY,  C 

m 

_ u 

The  magnitude  of  can  vary  considerably  and  the  sign  can  change 
^  u 

depending  on  the  magnitude  of  thrust  or  power,  ^fach  number,  and  aeroelastic 
65 

effects.  Early  literature  treated  only  as  a -power  effect  arising 

u 

from  propwash;  however,  for  modem  jet  aircraft  thrust  effects  are  small . 
unless  the  thrust  line  is  offset  from  the  center  of  gravity.  The  magni¬ 
tude  of  C  is  negligibly  small  for  low  speed  and  hi^  supersonic  Mach 
u 

77  86 

number,  but  it  can  reach  high  values  near  critical  Mach  number.  ’ 


Like  , 

Ljj 

Equation  55: 


can  be  written  in  terms  of  Mach  number  as  shown  in 


C  M 


(55) 
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Figure  13:  Variation  of  with  Mach  Number 
for  Several  Aircraft^*^’^^ 
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This  derivative  is  very  sensitive  to  wing  shape  and  camber,  high  aspect 

ratio  being  most  effected  and  hi^ly-svept  and  delta  being  least  affected. 

The  main  factor  contributing  to  this  derivative  is  the  backward  shift  of 

65 

the  center  of  pressure  vdiich  occurs  in  the  transonic  range. 

Reference  88  gives  the  approximate  transonic  variation  of  as  -0.2 

u 

to  0.5.  Figure  13  shows  typical  C  variations  with  Mach  number.  The 

’‘u 

F-4C  goes  off-scale  to  about  -0.3.  Only  the  supersonic  variation  of  the 
XB-70A  and  X-15  is  shown  to  avoid  cluttering  the  figure. 

LIFT  CURVE  SLiOPE, 

_ a 

When  the  angle  of  attack  of  an  aircraft  is  increased,  the  lift  forces 
will  increase  more  or  less  linearly  until  stall.  The  derivative 

a 

is  therefore  always  positive  at  angles  of  attack  below  stall.  In  fact, 

the  most  common  definition  of  stall  speed  has  it  occurring  at  steady 

strai^t  fli^t  at  the  first  equals  zero  which  occurs  as  is 

a 

3 

increased  from  zero. 

In  the  equilibrium  flight  condition,  a  high  value  of  is  desirable 

a 

because,  for  a  given  angle  of  attack,  the  aircraft  with  the  higher  value 
of  C..  will  usually  have  a  lower  drag,  and  therefore  better  performance. 

Li 

a 

As  far  as  dynamic  stability  is  concerned,  this  derivative  makes  a 
contribution  to  the  damping  of  the  longitudinal  short  period  for  all 
aircraft  and  especially  for  tailless  aircraft  because  in  this  case  almost 
all  of  the  damping  comes  fron  . 
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Figure  14:  Variation  of  Cj^  with  Mach  Number 

or  o  A-  “  4^4.74,87,88,100, 142 

for  Several  Aircraft  ’  »  >  ’ 


A  liigh  value  of  Cj^  would  therefore  always  be  desirable  if  it  were' 
a 

not  for  the  fact  that  high  values  of  result  from  designing  aircraft 

a 

with  high  aspect  ratio  unswept  wings.  This  configuration  does  not 
represent  current  supersonic  aircraft  design  tren-is  for  minimizing  drag. 

Reference  74  gives  the  approximate  transonic  variation  of  as 

a 

fran  1.0  to  8.0.  Figure  14  shews  typical  variations  of  with  ^fa.ch 

a 

number. 


The  subsonic  lift  curve  slope  value  can  be  determined  easily  fran 
steady-state  flight  tests.  If  angle  of  attack  had  been  measured  here 
at  the  School  on  speed-power  data  missions,  C.  could  have  been  deter- 

Li 

a 

mined  as  shown  in  Figure  15: 


ct 


ffeasured:  M,  6,  W,  and  a  stabilized  in 
steady-state  level  fli^t  over 
a  range  of  M  and  d. 


Calculated: 


C 


L 


nW 

I'lSli'iM^S 


Figure  15:  Determination  of  from  Stabilized  Level 

a 

Flight  Tests . 
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CHANGE  IN  DRAG  COEFFICIENT  WITH  ANGLE  OF  ATTACK,  C^ 

_ _ a 

When  the  angle  of  attack  of  an  aircraft  is  increased,  the  drag  co- 

2 

efficient  will  increase  more  or  less  parabolically  (as  a  function  of  Cj^  ) 

until  stall.  The  derivative  Cj^  is  a  function  of  angle  of  attack  and  is 

a 

usually  positive  at  angles  of  attack  belcw  stall;  however,  it  can  approach 
zero  at  high  angles  of  attack  on  swept  wing  or  lew  aspect  ratio  configura¬ 
tions  where  stall  isi  not  well  defined. 

This  derivative  is  usually  uninportant  in  airframe  dynamics.  It  does 

affect  the  phugoid  mode,  where  a  decrease  in  C^  increases  stability; 

a 

however,  this  effect  is  small  because  changes  in  angle  of  attack  are  siall 
during  phugoid  motion. 

Reference  74  gives  the  transonic  variation  of  C^  as  from  zero  to  2.0. 

a 

Figure  16  shows  typical  variations  of  Cj^  in  the  low  subsonic  region  as  a 

a 

strong  function  of  angle  of  attack  (equilibrium  lift  coefficient). 
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Figure  16:  Variation  of  with  Mach  Number 

a 

For  Several  Aircraft 
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The  subsonic  drag  polar  slope  can  be  determined  easily  from  steady-state 

flight  tests.  If  angle  of  attack  had  been  measured  here  at  the  School  on 

spieed-power  data  missions,  could  have  been  determined  as  shown  in 

a 

Figure  17: 


Ifeasured:  M,  5,  W,  and  a  stabilized  in 
steady-state  level  flight  over 
a  range  of  M  and  6. 


Calculated: 


F 

n 

14815M^S 


Aa 


at  any  desired  a 


Figure  17:  Determination  of  from  Stabilized  Level 

a 

Flight  Tests 

LONGITUDINAL  STATIC  STABILITY,  C 

’  m 

_ a 

When  the  angle  of  attack  of  an  aircraft  is  increased  from  equilibriim, 

the  increased  lift  on  the  horizontal  tail  causes  a  negative  pitching  moment 

about  the  center  of  gravity.  Simultaneously,  the  increased  lift  on  the 

wing-fuselage  ccanbination  causes  a  positive  or  negative  pitching  mcment, 

depending  on  aircraft  center  of  gravity  location.  The  magnitude  and  sign 

of  the  total  C^  for  a  given  configuration  is  a  strong  function  of  center 
a 

of  gravity  position.  C^  is  most  important  longitudinal  stability 
derivative.  “ 


132 


C  primarily  establishes  the  natural  frequency  of  tlie  short  pericxl 
m 
a 

made,  and  is  a  major  factor  in  determining  gust  stability.  In  general, 

large  negative  values  of  C  are  desireable  for  stability  and  good  fly- 

a 

ing  qualities;  however,  if  it  is  too  large  elevator  power  may  be  insuf¬ 
ficient  for  satisfactory  maneuverability. 

Reference  74  gives  the  approximate  transonic  variation  of  as 

“a 

from  -3.0  to  1.0.  Figure  18  shows  typical  variations  of  with  Mach 

“a 

number.. 


Reference  64  shows  that  can  be  expressed  as: 

a 


C  =  C,  (h  -  h„) 
m  L  n 

a  a 


stick-fixed,  or 


C,  (h  -  h’ ) 
L  n 


stick-free,  vdiere  h  is  the  aircraft’s  center  of  gravity  position,  is 

the  stick-fixed  neutral  point,  h^  is  the  stick-free  neutral  point,  and 

C.  is  the  aircraft’s  lift  curve  slope.  Methods  for  determining  h  and 
Li  ^  ^ 

a 

are  discussed ' in  detail  in  Reference  16;  however.  Figure  19  illustrates 
n  . 

how  stick-fixed  C  can  be  determined  from  the  standard  longitudinal 
m 
a 

static  stability  tests  performed  here  at  1he  School. 
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Figure  18:  Variation  of  with  Mach  Number 

^  o  n  A-  ^  .^74,87,88,92,100,142 

for  Several  Aircraft 


ffeasured:  M,  6,  W,  and  6^  during 

longitudinal  static  stability 
testing  at  two  h  positions, 
one  rWD  and  one  AFT. 


Calculated: 


nW 

14816M^S 


Cy  As  Described  from 

a  stabilized  level  flight 
tests 


<=L  O'  -V 

a 


Figure  19:  Determination  of  from  Longitudinal 

a 

Static  Stability  Tests 


For  aircraft  with  truly  irreversible  control  systems,  stick-fixed  and 
stick-free  neutral  points  are  the  same  point.  For  aircraft  with  reversible 
control  systems,  the  stick-free  neutral  point  is  normally  (depending  on 
configuration  and  aerodynamic  balancing)  ahead  of  the  stick-fixed  neutral 
point.  If  there  are  no  control  system  gadgets,  such  as  downsprings  or 
bobwei^ts,  the  stick-free  neutral  point  can  be  determined  as  shown  in 
Figure  20.  Since  aircraft  with  reversible  control  systems  are  normally 
relatively  low-speed,  it  may  be  more  convenient  t(5  measure  equivalent  air¬ 
speed  rather  than  Mach  number  during  longitudinal  static  stability  testing. 
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Cl  fwd  aft 


Figure  20:  Determination  of  Cjj^  from  Longitudinal 
Static  Stability  Tests 


If  the  curves  shown  in  Figure  20  of  6  ,  F  /q,  or  6_  versus  C,  are 

G  S  1  Lt 

not  linear  1±ien  both  stick-fixed  and  stick-free  neutral  points  will  be 
functions  of  lift  coefficient.  Therefore,  C,j^  can  also  be  a  function 

of  Cj^.  This  occurs  generally  at  hi^  values  of 

LONGITUDINAL  LAG  DERIVATIVES,  Cl*,  Cp*,  0^^ 

The  a  derivatives  are  very  different  from  those  previously  discussed 
which  can  be  determined  from  steady-state  flight  tests.  These  d  deriva¬ 
tives  partly  owe  their  existence  to  the  fact  that  the  pressure  distribu¬ 
tion  on  a  wing  or  tail  does  not  adjust  itse]f  instantaneously  to  its 
equilibrium  value  when  tJie  angle  of  attack  is  suddenly  changed.  The  cal¬ 
culation  or  measurement  of  this  effect  involves  tinsteady  flow.  These 
derivatives  arise  from  a  "plunging"  type  of  motion  along  the  z-axis 
resulting  from  a  w  during  which  pitch  angle  remains  constant.  The  hori¬ 
zontal  tail  of  a  conventional  tail-to-the-rear  aircraft  is  immersed  in 
the  downwash  field  of  the  wing  and  is  mounted  sane  distance  aft  of  the 
wing.  Whenever  the  wing  undergoes  a  change  in  angle  of  attack,  the  down- 
wash  field  is  altered.  Since  it  takes  a  finite  length  of  time  before 
this  downwash  alteration  arrives  at  the  tail,  the  resulting  lift  on  the 
tail  lags  the  motion  of  the  aircraft.  Since  the  type  of  motion  under 

consideration  is  an  acceleration,  a  effects  also  can  arise  fron  aero- 

65 

elastic  or  "dead  weight"  effects. 

References  74  and  86  provide  an  analysis  of  the  a  derivatives.  Dis¬ 
tinction  between  d  effects  and  pitch  rate  can  be  made  analyticailly,  and, 
as  described  in  section  3,  with  sane  success  in  wind  tunnel  testing;  how¬ 
ever,  atten5)ts  to  separate  the  derivatives  in  flight  testing  have  been 
unsuccessful. 

is  the  change  in  lift  coefficient  with  variation  in  rate  of  change 

ct 

of  angle  of  attack.  Even  for  tailless  aircraft  has  a  value  since  it 

a 


•138 


is  primarily  caused  by  the  plunging  motion  of  the  wing.  This  effect  is 

increased  by  the  lag  effect  at  Idle  tail  as  explained  in  Reference  86. 

Aeroelastic  effects  such  as  wing  twisting  due  to  dead  weight  moment 

caused  by  nacelles  projecting  in  front  of  the  wing,  and  from  fuselage 

bending  caused  by  the  dead  weight  of  the  aft  fuselage  and  empennage  can 

also  cause  a  effects.  is  positive  subsonically  and  can  be  either 

a 

65  74  86 

positive  or  negative  supersonically.  ’  ’ 

The  effect  of  is  essentially  the  same  as  if  the  aircraft’s  mass 
a 

or  inertia  were  changed  in  the  equation  relating  the  forces  in  the  Z 
direction. 


Reference  74  gives  the  approximate  transonic  variation  of  as 

a 

-5.0  to  15.0.  Figure  21  shows  typical  variations  with  Macih  number. 

a 

The  derivative  is  usually  neglected  in  dynamic  analysis  and  is 
a, 

considered  to  be  unimportant. 


is  the  change  in  drag  coefficient  with  variation  in  rate  of 
a 

change  of  angle  of  attack.  'Ihis  derivative  is  ignored  in  .analytical  work. 

65  74  86 

Its  effect  would  be  even  smaller  than  that  of  C,  or  f  .  ’  ’ 

L*  m* 

o  a 


is  the  change  in  pitching  moment  coefficient  with  variation  in 
a 

rate  of  change  of  angle  of  attack.  Like  is  caused  by  both  the 

a  a 

plunging  motion  of  the  wing  and  by  the  lag  effect  at  the  tail.  Apparently, 

the  tail  lag  effect  is  the  primary  contributor  to  .  Aeroelastic  effects 

a 

on  C  are  the  same  as  those  on  C.  .  The  derivative  C  is  negative  sub- 
m*  L*  m*  ^ 

j  V  -a.-”  '  -1-1  65,74,86 

sonically  and  can  be  either  positive  or  negative  supersonically. 
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Figure  21:  Variation  of  Ct  .  with  Mach  Number 

7U 

for  Several  Aircraft  ’ 


Separation  of  and  can  be  made  anal3rtically  if  a  wind  tunne] 

•  q 

value  of  downwash  derivative  is  known*  The  ratio  C  /C  is  precisely  the 

•  ^  q 

a  ^ 

downwash  derivative,  dtJda.  Common  practice  is  to  take:^*^’^^ 


Reference  74  gives  the  approximate  transonic  variation  of  as 

a 

frcm  zero  to  -10.0.  Figure  22  shows  typical  variations  with  Mach 

a 

number.  C  is  considered  to  be  the  most  important  of  the  longitudinal  lag 

m* 

a 

derivatives  and  its  negative  value  increases  the  damping  of  the  short 

•  ^  ^  65,74 

period  mode. 


PITCH  DAMPING,  Cnig 

The  stability  derivative  Cn,^  is  the  change  in  pitching  moment  coef¬ 
ficient  with  varying  pitch  velocity.  As  the  aircraft  pitches  about  its 
center  of  gravity,  the  tail  angle  of  attack  changes,  developing  a  lift 
force  on  the  tail  which  produces  a  negative  pitchi.ng  moment  contribution. 
There  is  also  a  contribution  to  frcm  various  "dead  wei^t"  aeroelastic 

effects.  Since  the  aircraft  is  moving  in  a  curved  path,  the  wing  may  twist 

as  a  result  of  the  dead  wei^t  nonent  of  overhanging  nacelles,  and  the 

65 

fuselage  bends  causing  a  change  in  tail  angle  of  attack. 


Reference 


64  shows  that 


can  be  approximated  by: 


2  a^ 


n.j 


(56) 


vhere  is  the  tail  lift  curve  slope,  is  the  horizontal  tail  volume 

coefficient,  T),p  is  the  tail  efficiency  factor,  and  Zr^/c  is  the  distance 

frcm  the  aircraft  center  of  gravity  to  the  horizontal  tail's  aerodynamic 
center  divided  by  wing  chord.  Equation  56  assumes  that  the  entire  value 
of  C  is  from  the  tail  contribution.  If  an  additional  ten  percent  is 

added  as  an  emperical  correction  for  fuselage  and  wing  contribution,  as 

shown  in  Equation  57,  the  subsonic  value  of  can  be  calculated  quite 

^  86,93  ^ 

accurately. 
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(57) 


”  -2-2  — - 

q 

In  low  speed  flight  C  is.  always  negative.  In  high  speed  flight  sane 

"*q 

references  state  that  it  my  be  either  positive  or  negative  depending  on 
aeroelastic  effects. 


The  derivative  C  is  very  iraportc-mt  in  longitudinal  dynamos  because 

"'q 

it  contributes  a  mjor  portion  of  the  damping  of  the  short  period  mode  for 
conventional  aircraft.  For  tailless  aircraft,  is  consequently  small 

q 

and  these  configurations  usually  have  poor  damping.  is  also  involved 

q 

with  phugoid  damping.  In  almost  all  cases,  high  negative  values  of 
are  desireable.^^ 


Reference  74  gives  the  approximte  transonic  variation  of  as  zero 

q 

to  -40.0.  Figure  23  shows  typical  variations  with  Mach  number.  Note 


q 

that  even  at  high  supersonic  speeds  all  of  the 
negative. 


C  data  shown  remins 
m 

q 


The  maneuver  point  and  C  are  directly  relat;ed.  Methods  for  deter- 

q 

inining  stick-fixed  maneuver  point,  h^^^,  are  discussed  in  detail  in  Reference 
16;  however.  Figure  24  illustrates  how  can  be  determined  from  maneuver- 

q 

ing  flight  tests.  Reference  64  shows  that  maneuver  point  and  neutral 
point  are  related  as  shewn  in  Equation  58. 


h 


m 


1  -  ^  C 
n  4m  m 

q 


(58) 
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Figure  23:  Variation  of  C  with  Mach  Number  for 

c,  /V-  .^74,87,88,100,142 

Several  Aircraft 
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(59) 


Solving  Equation  58  for  C  gives: 

\ 


4ni 

pSc 


(h  -  h  ) 
m  n 


Therefore,  neutral  point  can  be  determined  from  linear  data  as  shown 
in  Figure  19 ,  and  ^  maneuver  point  can  be  determined  from  linear  data 
as  shewn  in  Figure  24,  Ihen  C  can  be  determined. 


CHANGE  IN  LIFT  COEFFICIENT  WITH  PITCH  RATE,  C^ 

Like  Cmqj  is  caused  by  an  increase  in  tail  angle  of  attack  which 

develops  a  lift  force  on  the  tail  resulting  in  an  increase  in  total  air¬ 
craft  lift  coefficient.  There  is  also  a  contribution  to  C^  from  "dead 

wei^t"  aeroelastic  effects. 


In  low  speed  flight,  Cj^  is  always  positive.  In  hi^  speed  fli^t 

q 

some  references  state  that  it  may  be  either  positive  or  negative  depend- 

65 

ing  on  aeipoelastic  effects. 

Past  experience  shows  that  the  effect  of  C,  on  longitudinal  stability 

^q 

has  been  small  and  it  is  usually  neglected  in  aerodynamic  analyses.  . 
Because  of  the  possibility  of  large  aeroelasi;ic  effects  at  high  Mach 
number  it  may  have  to  be  considered  for  high  speed  flight. 
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Reference  74  gives  the  approximate  transonic  variation  of  Cj^ 

q 

to  15.0.  Figure  25  shows  typical  Cj^  variations  with  Mach  nuinber. 

q 

aiANGE  IN  DRAG  COEFFICIENT  WHH  PH'di  RATE, 


as  zeir> 


This  derivative  is  ignored  in  analytical  work. 


be  small. 


65,74,86 


Its  effect  should 


CHANGE  IN  LIFT  COEFFICIENT  WTIH  ELEVATOR  DEFLECTION,  Cl 
_ _ _ ^ 

lilhen  the  elevator  is  deflected  upward  a  negative  increment  of  lift 
is  created  on  the  horizontal  tail;  therefore,  C.  is  negative  in  sign 

h 

e 

for  a  tail-to-the-rear  aircraft.  C  is  positive  for  canard  configura- 

'e 

tions,  which  gives  the  canard  one  of  its  major  performance  design 
advantages.  On  conventional  tail-to-the-rear  aircraft  C,  is  usually 

e 

very  small  and  its  effects  neglected.  On  tailless  aircraft,  C.^  is 

'^e 


ccMparatively  large,  and  cannot  be  neglected. 
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Figure  25:  Variation  of  with  Mach  Number 


for  Several  Aircraft"^*^’^^ 


The  derivative  C,  can  indirectly  bf?  detennined  from  maneuvering 
e 

flight  tests  if  is  known.  Reference  64  shows,  that  for  tail-to-the- 
u 

rear  aircraft: 


Aoi  =  — 

a 


which  can  be  written, 


Act  =  ^ 


Cl 


c,  a 

e 


or 


ill  -  Cl^ 

A5 


Therefore;  if  maneuvering  fli^t  data  are  linear, can  be  determined 


from  two  stabilized  data  points. 


Alternatively,  can  be  indirectJ.y  determined  if  is  known  by 


m. 


the  following  expression: 


0  0 
e  e 


97 


(a) 


where  c  is  the  aircraft's  mean  aerodynamic  chord  and  is  the  distance 
from  the  aircraft  center  of  gravity  to  the  horizontal  tail  aerodynamic  center 
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Figure  2(1: 


Variation  of  C,  with  Mach  Number  for 
e 


Several  Aircraft. 


74,88,87,142 
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CHANGE  IN  DRAG  COEFFICIENT  WITH  ELEVATOR  DEFLECTION,  C^ 


This  derivative  is  ignored  in  flying  qtiality  analytical  work;  how¬ 
ever,  it  has  an  effect  on  performance.  It  is  associated  with  trim  drag 
and  is  important  v^en  large  values  of  elevator  deflection  are  required 
to  trim  such  as  on  tailless  aircraft. 


ELEVATOR  POWER,  C 

e 


This  derivative  is  the  change  in  pitching  monent  coefficient  with 
elevator  deflection.  When  the  elevator  of  a  tail-to-the-rear  aircraft  is 
deflected  upward  the  resultant  lift  on  the  horizontal  tail  causes  a  posi¬ 
tive  pitching  nonent  about  the  center  of  gravity.  C  is  therefore, 

6 

e 

positive  by  definition. 


The  primary  function  performed  by  the  elevator  of  controlling  the 
angle  of  attack  botLi  in  equilibrium  and  maneuvering  is  considered  the 

most  imoortant  of  all  the  control  functions  about  the  three  axes. 

- - -  .  •  .65 

Elevator  power  is  of  great  importance  in  aircraft  design. 


The  design  value  of  C  is  essentially  determined  by  the  anticipated 

mg 

e 

forward  and  aft  positions  of  the  center  of  gravity.  The  larger  the 
center  of  gravity  range,  the  larger  the  required  value  of  C  .  Soane- 

mg 

e 

times  in  design  the  maximum  practical  C  determijies  the  allowable 

mg 

e 
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center  of  gravity  range,  and  in  other  cases  the  necessary  center  of 

gravity  range  determines  design  values  of  C 

'“6 

e 


It  is  difficult  to  give  a  desirable  value  for  C  since  each  design, 

6 

e 

or  configuration,  must  bf^  analyzed  separately.  Reference  74  gives  the 
approximate  transonic  variation  of  C  as  from  zero  to  4.0.  C 

m^  mg 

e  e 

decreases  significantly  supersonically,  especially  for  tailless  aircraft. 
Figure  27  shows  typical  variations  of  C  with  Mach  number. 

mg 

e 


Reference  64  shows  that  Equation  60  can  be  used  as'  a  fli^t  test 
relationship  for  determining  C  from  longitudinal  static  stability 


testing. 


d6  h  -  h 
e  _  n 

dCr  "  C 

Li  HI  n 


(60) 


If  plots  of  6^  versus  are  linear  as  shown  in  Figure  19  and  neutral 

point,  h  ,  is  determined  as  shown  in  Figure  19,  then  C  can  be  deter- 

e 

mined  from  the  d6^/dC^  slope  for  either  forward  or  aft  center  of  gravity 

positions.  Equation  61  can  be  used  to  determine  from  forward  center 

6 

e 

of  gravity  data  after  the  neutral  point  has  been  determined. 


d6  /dC. 1 


(61) 
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Figure  27:  Variation  of  C  with  Mcich  Number 

e 


for  Several  Aircraft 


74,  87,88,142 


■4 


SIDE  FORCE  DAMPING,  Cy 

_ J_ 

'Iliis  derivative  is  the  cliange  in  side  force  coc^lficient  with  chaiij’.ini'’, 

sidesi.ip  angle.  When  an  aircraft  sideslips,  the  relative  wind  strikes 

it  obliquely,  creating  a  side  force  on  the  vertical  tail,  fuselage,  and 

wing.  The  major  contributor  to  Cy  is  usually  the  vertical  tail.  It  is 

3 

^.  .  .  65 

negative  in  sign. 

The  derivative  Cy  is  fairly  important  in  lateral  dynamics,  even 
3 

though  it  dropped  out  of  the  simplified  lateral-directional  equations  of 

motion  derived  here  at  the  School.  It  contributes  to  damping  of  the 

Dutch  roll  mode.  A  large  negative  value  of  Cy  would  appear  desireable; 

3 

however,  a  large  negative  value  may  create  an  undesireable  lag 

effect  in  aircraft  response  when  attempting  to  hold  wings 

level  in  turbulence,  or  attempting  to  perform  aileron  maneuvers.  Cy  is 

3 

important  in  asyrametr'ic  power  situations.  Consideration  of  Cy  may  be 

necessary  for  the  design  of  sane  types  of  autopilots.  Cy  is  artificially 

3 

generated  by  research  aircraft  which  have  side  force  generators,  e.g. 
NT-33,  and  TIFS. 


Reference  74  gives  the  approximate  transonic  variation  of  Cy  as 

3 

from  -0.10  to  -2.0.  Figure  28  shows  typical  Cy  variations  with  Mach 

3 

number.  In  general,  Cy  is  a  function  of  trim  lift  coefficient  or  angle 

3 


of  attack. 


158 


DIHEDRAL  EFFECT,  C„ 

_ ^ 

This  derivative  is  the  change  in  rolling  monent  with  variation  in 
sideslip  angle.  When  an  aircraft  sideslips  a  rolling  monent  is  developed 
because  of  the  geometric  dihedral  (or  cathedral)  of  the  wing  and  because 
of  the  usual  hi^  position  of  the  vertical  tail  relative  to  the  center  of 
gravity.  It  is  negative  in  sign  for  a  stable  cdrcraft. 

The  derivative  Cp  is  very  jjnportant  in  lateral  stability  and  control, 

g 

Although  it  does  not  appear  in  the  siiiplified  Dutch  roll  damping  equation 
developed  here  at  the  School,  il:  effects  the  danping  of  both  the  Dutcli 
roll  and  spiral  modes.  It  also  affects  the  rudder  alone  maneuvering 
characteristics  of  an  aircraft  near  stall.  Small  negative  values  of  Cp 

are  desired  for  Dutch  roll  damping  and  for  obtaining  small  <fi/$  ratios  and 
large  negative  values  for  improving  spiral  stability;  therefore,  a  com¬ 
promise  is  necessary  in  design.  Good  flying  qualities  generally  result 

65 

vhen  dihedral  effect  is  negative  but  small. 

Reference  74  gives  the  approximate  transonic  variation  of  C»  as 

from  0.10  to  -0.40;  however,  most  of  the  typical  variations  shown  on 
Figure  29  remain  negative  in  value  except  for  the  XB-70A.  In  general, 

Cp  is  a  function  of  trim  lift  coefficient  or  angle  of  attack. 
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DIRECTIONAL  STABILITY,  C 
_ ^ 

This  stability  derivative  is  the  change  in  yawing  moment  with  varia¬ 
tion  in  sideslip  angle.  It  is  also  called  "weathercock  stability"  or 
"yaw  stiffness."  When  an  aircraft  sideslips,  the  relative  wind  strikes 
it  obliquely  creating  a  yawing  motion  about  the  center  of  gravity.  The 
major  contribution  to  C  is  from  the  vertical  tail  vJiich  is  located 

behind  the  aircraft  center  of  gravity.  C  is  positive  in  sign  for  a 
stable  aircraft. 

The  derivative  is  very  important  in  determining  static  and  dynamic 

lateral  stability  and  control  characteristics.  In  general,  should 

3 

be  as  large  as  possible  for  good  flying  qualities.  It  aids  in  turn 
coordination  and  prevents  excessive  sideslip  or  yawing  motion  in  rou^ 
air  or  \diile  maneuvering.  C  primarily  determines  the  natural  frequency 

"b 

of  the  Dutch  roll  and  is  a  factor  in  determining  spiral  stability. 

Reference  74  gives  the  approximate  transonic  variation  of  C  as  zero 

’"b 

to  0.40.  Figure  30  shows  typical  variations  with  Mach  number.  In 
general,  C  is  a  function  of  trim  lift  coefficient  or  angle  of  attack. 

DIRECTIONAL  LAG  DERIVATIVES,  CT  ,  C„  ,  C 

_ _ ^ H  "6 

The  $  derivatives  are  very  different  from  those  previously  discussed 
which  can  be  determined  from  steady  state  fli^t  tests.  They  are  similar 
to  the  a  derivatives  and  partiy  owe  their  existence  to  the  fact  that 
the  pressure  distribution  on  the  fuselage  and  vertical  tail  does  not 
adjust  itself  instantaneously  to  its  equilibrium  value  vhen  sideslip 
angle  is  suddenly  changed  by  motion  along  the  aircraft's  y'axis.  The  re¬ 
sult  is  a  V  during  which  heading  remains  constant. 
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Number  for  Several  Aircraft 


74,87,88,100,142^  15)0- 


4 


TTie  calculation  of  this  effect  involves  unsteady  flow.  The  sidewash 

at  the  tall  has  been  shiown  to  be  affected  by  the  wing.  Since  tliis  is 

part  of  the  vertical  tail's  angle  of  attack,  the  sidewash  experienced  by 

the  tail  is  that  which  was  shed  earlier  by  the  wing.  Therefore,  vdien  tlie 

sideslip  angle  is  changing,  side  force,  rolling  nonent,  and  yawing  nonent 

have  not  cau^t  up  to  their  eventual  steady  state  values  and  they  are 

scanething  less.  This  is  often  referred  to  as  the  lag  of  sidewash  effect 

and  it  is  analogous  to  the  lag  of  downwash  effect.  Since  the  type  of 

motion  under  consideration  is  an  acceleration,  g  effects  can  also  arise 

65 

fran  aeroelastic  or  "dead  weight"  effects.  Reference  72  presents 
irt=thods  for  calculating  the  8  derivatives. 


is  the  change  in  side  force  with  variations  in  rate  of  change  of 


sideslip  angle. 

on  side  force. 

,  65,94,74 
work.  ’  ’ 


94 


Ijateral  acceleration  has  essentiilly  a  negligible  effect 
This  derivative  is  usually  ignored  in  analytical 


Cp  is  the  change  in  rolling  moment  coefficient  with  variations  in 

% 

rate  of  change  of  sideslip  angle.  Changes  in  side  force  due  to  lateral 

94 

acceleration  have  a  negligible  effect  on  rolling  moment.  This  deriva- 

94  65  74 

tive  is  usually  ignored  in  analytical  work.  ’  ’ 


is  the  change  in  yawing  moment  coefficient  with  variations  in  rate 

of  cluingo  of  sideslip  angle.  Even  though  only  a  small  side  force  change 

occurs  due  to  lateral  acceleration,  it  has  a  substantial  nonent  arm  pre- 

94 

eluding  its  neglect  vdien  considering  yawing  nonents.  Althou^  the 
derivative  C  is  known  to  exist,  very  little  can  be  stated  alx>ut  its 

magnitude  or  sign  because  of  the  wide  variations  in  opinion  and  in  inter- 

65 

pretation  of  experimental  data  concerning  it.  Seme  authors  ignore  its 
74 

effect.  For  most  aircraft  configurations  it  is  apparently  of  rather 

65 

small  magnitude  and  probably  can  be  neglected.  There  are  insufficient 

65 

data  to  determine  for  v^ich  configurations  it  is  important. 
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4 


CHANGE  IN  SIDE  FORCE  WITH  ROLLING  VELOCITY, 


This  derivative  is  caused  mainly  by  the  vertical  tail,  althou^  for 
some  aircraft  configurations  there  is  also  an  appreciable  contribution 
from  the  wing.  A  side  force  is  created  on  the  vertical  tadl  vd^en  the 

aircraft  rolls  about  its  x-axis.  C^  would  appear  to  be  negative  in  sign 

P 

for  a  vertical  tail  located  above  the  aircraft  x-axis;  hcwever,  it  can 

be  either  negative  or  positive  depending  on  tail  geanetry  and  sidewash  . 

effects  from  the  wing.  It  is  also  a  strong  function  of  trim  lift  coef- 

65 

ficient  or  trim  angle  of  attack. 


Since  Cy  is  of  very  little  importance  in  lateral-directional  dynamics 
P 

it  is  common  practice  to  neglect 


Reference  74  gives  the  approximate  transonic  variation. of  Cy  as 

P 

from  -0.3  to  0.8.  Figure  31  shows  typical  Cy  variations  with  Mach 

P  ' 

nimiber.  The  strong  influence  of  trim  lift  coefficient  is  shown  by  these 
data. 
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Variations  of  with  Mach  Number 
P 

^  o  -1  A-  .^74,88,100 
for  Several  Aircraft 
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« 


ROLL  DAMPING, 

_ E 

This  derivative  is  the  change  in  rolling  moment  coefficient  with  change 
in  rolling  velocity.  When  an  aircraft  rolls  with  an  angular  velocity  a 
rolling  moment  is  produced  which  opposes  the  rotation.  The  wing  is  the 
major  contributor  to  unless  the  horizontal  and  vertical  tails  are 

unusually  large. 

This  derivative  is  quite  ijiiportant  in  lateral-directional  dynamics 

P  .  .  -  .  65 

since  it  alone  determines  the  damping  in  the  roll  axis.  Decreasing 
increases  spiral  stability. Normally,  small  negative  values  of 

P 

are  desireable  because  aileron  response  will  be  better  and  1die  air- 

P  ...  65 

craft  will  have  less  gust  sensitivity. 

will  remain  negative  as  long  as  the  local  angle  of  attack  is  belcw 

P 

stall.  If  the  downgoing  wing  angle  of  attack  exceeds  the  stalling  angle, 
the  local  lift  curve  slope  may  fall  to  zero  or  even  reverse  its  sign.  In 

this  case  C»  may  be  zero  or  become  positive.  This  is  tbe  situation  vdien 

p 

■  ^  .  .  .  86 
a  wing  autorotates,  as  in  spinning. 


Reference  74  gives  the  approximate  transonic  variation  of  as 

P 

from  -0.1  to  -0.8.  Figure  32  shows  typical  variations  with  ffech 
number.  ^ 
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Figure  32:  Variations  of  with  Mach  Number 

P 

for  Several  Aircraft 


.74,87,88,100,142 


4 


CHANGE  IN  YAW  MOMEM’  COEFFICIENT  WITH  ROLLING  VELOCITY, 


This  cross  derivative  arises  fran  two  soiorces;  the  wing  and  the 

vertical  tail.  A  negative  (adverse)  yawing  nonent  is  developed  on  the 

aircraft  because  of  the  unsymmetrical  lift  distribution  which  causes  a 

difference  between  the  drag  on  the  right  and  left  wings  vhen  the  aircraft 

is  rolling.  The  vertical  tail  contribution  can  be  eilhier  positive  or 

negative  depending  on  tail  geonetry,  wing  sidewash,  and  equilibrium  lift 

65 

coefficient  or  trim  angle  of  attack. 


The  derivative  C  is  fairly  important  in  lateral-directional  dynamics 

even  though  it  dropped  out  of  the  simplified  Dutch  roll  damping  equation 
derived  here  at  the  School.  It  is  usually  negative  in  sign,  and  for  most 
aircraft  confi.gurations,  the  larger  itf  negative  value,  the  greater  the 

reduction  in  Dutch  roll  danping.  Therefore,  positive  values  of  C^  are 

P 

desired.  For  the  aircraft  alone,  this  derivative  is  not  usually  inpDr- 
tant;  however,  it  has  a  strong  influence  on  autopilot  design. 

Reference  74  gives  the  approximate  transonic  variation  of  C^  as 

P 

from  -0.5  to  0.1.  Figure  33  shows  typical  C  variations  with  Mach 

number.  These  data  show  the  strong  dependence  of  the  value  and  sign  of 
this  derivative  on  trim  lift  coefficient  or  trim  angle  of  attack. 
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4 


aiAfJGE  IN  SIDE  FORCE  COEFFICIENT  WITH  YAW  VEDOCITY,  Cy 
_ _r 

This  derivative  is  caused  nainly  by  the  vertical  tail  which  is  mounted 
some  distance  behind  the  aircraft  center  of  gravity.  Whenever  the  air¬ 
craft  is  rotating  at  a  yaw  rate  there  is  an  effective  side  force  developed 

65 

on  the  tail.  C^  will  be  ]x»sitive  and  quite  small., 

^r 

Cy  is  of  little  importance  in  lateral-directional  dynamics  and  it  is 
r 

*  T  65,74,86,94,95 

common  practice  to  neglect  it.  ’  ’ 

Reference  74  gives  the  approximate  transonic  variation  of  C^  as 

r 

from  zero  to  1.2.  Figure  34  shows  typical  Cy  variations  with  Mach 

^r 

number. 
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Figure  34:  Variation  of  with  Mach  Number 

■'r 

^  O  -,  A-  74,88,100 

for  Several  Aircraft. 
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CHANGE  IN  ROLLING  MOMENT  COITFICTENT  WITFI  YAW  VELOCITY, 
_ ^ 

This  cross  derivative  arises  from  a  yaw  rate  about  the  vertical  axis- 
For  a  positive  yaw  rate,  the  left  wing  moves  faster  than  the  right  pro¬ 
ducing  more  lift  on  the  left  wing  and  consequently  a  positive  rolling 
moment.  In  addition  to  the  major  wing  contribution,  the  vertical  tail 

will  contribute  to  .  The  tail's  contribution  will  be  positive  or 

r 

negative  depending  on  the  vertical  tail  geometry  and  whether  it  is  above 

or  below  the  x-axis.  Cj^  is  usually  positive  and  it  is  a  function  of 

r 

65 

equilibrium  lift  coefficient  or  trim  angle  of  attack. 

The  derivative  Cp  is  of  secondary  importance  in  lateral-directional 
65 

dynamics.  It  does  effect  the  Dutch  roll  mode  slightly  even  though  it 

dropped  out  of  the  simplified  Dutch  roll  damning  equation  derived  here 
65 

at  the  School.  Its  effect  is  largest  at  low  speed  and  it  has  consider¬ 
able  effect  in  the  spiral  mode.  should  be  as  positive  and  as  small 

r 

65 

as  possible  for  increasing  spiral  damping. 

Reference  74  gives  the  approximate  transonic  variation  of  as 

r 

from  zero  to  0.6.  Figure  35  shows  typical  variations  with  Mach 

r 

numt'jer'.  ITiese  data  show  the  strong  dependence  of  the  value  of  this 
derivative  on  equilibrium  lift  coefficient  or  trim  angle  of  attack. 
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Figure  35:  Variation  of  C»  with  Mach  Number 


for  Several  Aircraft. 


74,37,88,100,142 
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YAW  DAMPING,  C 

n 

_ r 

This  derivative  is  the  change  in  yawing  moment  coefficient  with  yaw¬ 
ing  velocity.  When  an  aircraft  yaws,  an  aerodynamic  moment  is  produced 

which  opposes  the  rotation.  C  has  contributions  frcm  the  wing,  fuselage, 

^r 

and  vertical  tail,  all  of  which  are  negative  in  sign.  The  vertical  tail 

65 

is  by  far  the  largest  contributor. 

The  derivative  is  very  important  in  lateral-directional  dynamics 

because  it  is  the  main  contributor  to  the  dancing  of  the  Dutch  roll  mode. 

It  is  also  important  to  the  spiral  mode.  For  each  mode,  large  negative 

values  of  C  are  desired  for  good  dairying.  This  derivative  is  a  function 
r 

of  equilibrium  lift  coefficient  or  trim  angle  of  attack.  In  the  past, 
a  vertical  tail  which  produced  a  reasonable  value  of  was  almost  certain 

to  give  adequate  Dutch  roll  damping.  For  some  current  desijyis, 
with  higher  wing  loadings  and  higher  radii  of  gyrations  in  yaw, 

during  hi^  altitude  flight  the  vertic.d  tail  alone  may  not  pro¬ 
vide  sufficient  for  damping  the  Dutch  roll.  This  problem  has  led  to 

^  65 

the  extensive  use  of  yaw  dampers  on  modern  aircraft. 

Reference  74  gives  the  approximate  transonic  variation  of  as 

from  zero  to  -1.0.  Figure  36  shows  typical  variations  with  Miach 
number.  Although  the  value  of  is  rather  large  for  the  D-558-II,  this 

aircraft  exhibits  poor  Dutch  roll  damping;  this  enrphasizes  the  fact  that 

Dutch  roll  damping  cannot  be  predicted  by  examining  this  derivative 

,  88  ' 
alone. 
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Figure  36:  Variation  of  C  with  I^ch  Number 

n 

r 


-P  o  -.A-  74,87,88,100,142 

for  Several  Aircraft.  ’  ’ 
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4 


CHANGE  IN  SIDE  FORCE  COEFFICIENT  WITH  AILERON  DEIIECTION,  C^ 

a 


This  control  derivative  is  zero  or  negligibly  small  for  most  conven¬ 
tional  aircraft  configurations,  but  nay  have  a  viilue  for  highly  swept 

65 

wings  of  low  aspect  ratio.  When  lateral  control  devices  are  located 

near  vertical  surfaces,  this  derivative  may  also  have  a  value  other  than 

74 

zero  e.g.  for  a  "rolling  tail"  such  as  the  F-111.  The  flight  test  value 
of  Cy  for  the  shuttle  orbit er  was  about  -0.18  jier  radian  at  an  angle  of 
a 

142 

attack  of  about  seven  degrees  and  a  I^ch  number  of  about  0.50. 


ADVERSE  (OR  PROVERSE)  YAW,  C 

a 


This  cross  (control)  derivative  is  the  change  in  yawing  moment  coef¬ 
ficient  with  change  in  aileron  or  spoiler  deflection.  When  ailerons  or 
spoilers  are  deflected,  both  induced  and  profile  drag  on  the  wing  chang(j. 
This  derivative  is  due  to  the  difference  in  drag  between  upgoing  and  down¬ 
going  wing.  For  ailerons,  C  is  usually  negative  (adverse)  causing  tJie 

a 

aircraft  to  yaw  in  a  direction  opposile  to  the  desired  turn  diirection. 

Adverse  yaw  can  sanetimes  fxj  eliminated  by  aileron  rigging  e.g.  deflecting 

aileronf.^  up  a  different  amount  than  down.  For  spoilers,  ('  is  usually 

n . 


positive  (complimentary  or  proverse)  causing  the  aircraft  to  yaw  in  the 
desired  turn  direction. 


Reference  74  gives  the  approximate  transonic  variation  of  C  as 

a 

from  -0.08  to  0.08.  Figure  37  shows  typical  C  variations  with  Mach 

a 

number.  These  data  show  the  strong  dependence  of  the  value  and  sign  of 
this  derivative  on  efjuilibrium  Lift  coefficient  or  trim  angle  of  attack. 
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Variation  of 


with  ffech  Number 


for  Several  Aircraft. 


74,87,88,142^ 
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* 


ROLL  (LATERAL)  CONTROL  POWER, 


■JT-iis  control  derivative  if:  the  change  in  rolling  rnoiient  coefficient 
with  change  in  aileron  or  spoiler  deflection.  It  is  positive  by  defini¬ 
tion. 


For  lateral-directional  dynamics,  C£  is  the  most  important  control 

^a 

derivative.  Roll  power,  in  conjunction  with  roll  damping,  C»  ,  estab- 

P 

lishes  the  maximum  rate  of  roll  of  an  aircraft.  Adequate  is  re¬ 


quired  for  rapid  maneuvering  at  high  speed  and  for  counteracting  asym¬ 
metric  gusts  at  low  speeds. 


Reference  74  gives  the  approximate  transonic  variation  of  C»  as 

\ 

from  zero  to  0.4.  Figure  38  shows  typical  C«  variations  with  Mach 
number. 
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* 


OiANGE  IN  SIDE  FORCE  COEFFICIENT  WITH  RUDDER  DEFLECTION, 


A  positive  rudder  deflection  gives  a  negative  side  force;  therefore, 
this  control  derivative  is  negative  using  the  School  definition  of  right 
rudder  being  positive  for  tail-to-the-rear  aircraft. 


For  the  aircraft  alone  this  derivative  is  considered  to  be  unimportant 
in  lateral-directional  dynamics.  It  generally  has  to  be  considered  for 
autopilot  design.  The  NT-33A  aircraft  develops  wings-level  lateral 
velocity  using  the  rudder  to  generate  side  fcsrce. 


Reference  74  gives  the  approximate  transonic  variation  of  Cy  as 

r 

from  zero  to  -0.5.  Figure  39  shows  typical  Cy  variations  with  Mach 
number. 
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Figure  39: 


Variation  of  Cy  with  Mach  Number 

6r 


for  Several  Aircraft. 


74, 87, 88, 142,/ 
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i 


RUDDER  POWER,  C 

n 


This  control  derivative  is  the  change  in  yawing  moment  coefficient 
with  variation  in  rudder  deflection.  A  positive  rudder  deflection  gives 
a  positive  yawing  mcment;  therefore,  this  derivative  is  positive  using 
the  School's  sign  convention. 

The  importance  of  rudder  power  in  lateral-directional  dynamics  and 
flying  qualities  varies  considerably  with  aircraft  type.  For  filter  air¬ 
craft  the  rudder  is  usually  sized  by  considering  such  requirements  as 
counteracting  torque  (propeller),  counteracting  adverse  yaw  in  rolls, 

directional  control  for  crosswind  takeoffs  and  landings,  and  control  dur- 
65 

ing  spin  recovery.  For  multi-engined  aircraft  the  rudder  may  be  sized 
by  as3mimetric  power  considerations. 

Reference  74  gives  the 

from  zero  to  0.15.  Figure 
number. 


approximate  transonic  variation  of  C  as 

r 

40  shows  typical  C  variations  with  Mach 
n  j. 
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for  Several  Aircapaft. 


74,87,88,142^ 


185 


ROLL  DUE  TO  RUDDER, 


Tfds  control  derivative  is  tlie  change  in  rolling  moment  coefficient 
with  variation  in  rudder  deflection.  A  rudder  located  above  the  x-axis 
creates  a  negative  rolling  moment  for  a  positive  deflection  using  the 
School's  definition  of  right  rudder  being  positive  for  tail-to-the-rear 
aircraft.  C»  is  therefore  usually  negative  in  sign.  It  can  be  posi- 

h 

r 

tive,  depending  on  the  aircraft  configuration  and  equilibrium  lift  coef¬ 
ficient  or  trim  angle  of  attack. 

This  derivative  is  considered  only  minor  importance  in  the  lateral- 

directional  dynamic^  and  flying  qualities  for  conventional  aircraft.  It 

65 

is  sanetimes  neglected  in  analysis. 

Reference  74  gives  the  approximate  transonic  variation  of  C®  as 

fran  -0.04  to  0.04.  Figure  41  shows  typical  C„  variations  with  ffech 
number. 
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EXAMPLE  MMLE  DETERMINED  DERIVATIVES 


Figures  42  thru  72  present  a  coiiplete  set  of  YF-16  stability  and  control 

derivatives  from  Reference  92.  These  derivatives  were  extracted  as  functions 

of  angle  of  attack  and  Ffech  number  throu^out  most  of  the  flight  test 

envelope.  Test  nuineuver’S  t^nsir.tec]  of  a  matrix  of  pitch,  mdder,  and  ailc’ron 

doublets  accomplished  from  2  to  28  degrees  angle  of  attack,  and  from  0.30  to 

1.65  Mach  number.  Almost  all  doublets  were  performed  at  load  factors  less 

than  three,  v^ere  the  aircraft  could  be  trimmed  for  hands-off  fli^t.  Stability 

and  control  derivatives  were  extracted  from  the  fli^t  test  doublets  bv  usine 

92 

the  AFFTC  MMLE  urogram. 

The  predicted  wind  tunnel  derivative  fairings  were  calculated  by  AFFTC 
engineers  from  rigid  wind  tunnel  data  and  predicted  dynamic  pressure  effects. 

The  fairings  throu^  the  fli^t  test  data  were  done  at  the  USAF  Test  Pilot 
School.  The  accuracy  and  use  of  these  derivatives  will  be  discussed  in  Sections 
5  and  6  of  this  chapter. 


YF-16 
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WIMP  TUHKCL 


eg  =  35%  MAC  M  <  0.6  q  =  50  -  200  Ib/ff 

Figure  44:  Flight  Test  Variation  of  Cfjj^  with  Angle 

92 

of  Attack  for  the  YF-16  Aircraft. 


0< 


CR  eg  =  35%  MAC  a  =  4° 

Figure  47:  Flight  Test  Variation  of  Qn^  with  Mach 

92 

Number  for  the  YF-16  Aircraft. 
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CR 


35%  MAC 


M  <  0.6 


50  -  200  Ib/ft 


Figure  48: 


Flight  Test  Variation  of  with 

92 

Angle  of  Attack  for  the  YF-16  Aircraft. 
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CR  eg  =  35%  MAC  a  =  4° 

Figure  51:  Flight  Test  Variation  of  with 

"e 

92 

Mach  Number  for  the  YF-16  Aircraft. 
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g  =  35%  MAC  M  <  0.6  q  =  50  -  200  Ib/ft^ 

Figure  52:  Flight  Test  Variation  of  Cy  with  Angle 

3 

of  Attack  for  the  YF-16  Aircraft,^ 


WiNP  TOMMPt- 


:g  =  35%  MAC  •  a  =  4° 

Figure  54:  Flight  Test  Variation  of  Cvo  with  Mach 

p 

92 


Number  for  the  YF-16  Aircraft. 


g  =  35%  MAC  a  =  4° 

Figure  56:  Flight  Test  Variation  of  with  Mach 

go 

Nianber  for  the  YF-16  Aircraft. 
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(/oes) 


CR  eg  =  35%  MAC  M  <  0.6  q  =  50  -  200  Ib/ft^ 

Figure  57 :  Flight  Test  Variation  of  Cn^  with  Angle 
of  Attack  for  the  YF-IB  Aircraft. 
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W/Mb  7UMM£U 


eg  =  35%  MAC  M  <  0.6  q  =  50  -  200  Ib/ft 

Figure  59:  Flight  Test  Variation  of  with  Angle 
of  Attack  for  the  YF-16  Aircraft. 


F-16 


CR 


eg  =  35%  MAC  M  <  0.6  q  =  50  -  200  Ib/ft^ 

Figure  61:  Flight  Test  Variation  of  with  Angle 
of  Attack  for  the  YF-16  Aircraft. 
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eg  =  35%  MAC  M  <  0.6 


q  =  50  -  200  Ib/ft" 


Figure  62:  Flight  Test  Variation  of  with  Angle 

92 

of  Attack  for  the  YF-16  Aircraft. 
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Wind  1I»NMeL. 


CR  eg  =  35%  MAC  a  =  4° 

Figure  64:  Fligjit  Test  Variation  of  Cj^  with  Mach 

.92 


Number  for  the  YF-16  AiT'Craft. 


g  =  35%  me  M  <  0.6  q  =  50  -  200  ]Jb/ft 

Figure  65:  Flight  Test  Variation  of  Cj^  with  Angle 

02 

of  Attack  for  the  YF-16  Aircraft.^ 


^  .6  rB  1.0  l.z  lA  /4 


g  =  35%  MAC  a  =  4° 

Figure  66:  Fligjit  Test  Variation  of  .  with  Mach 

^a 

92 

Number  for  the  YF-16  Aircraft. 
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;g  =  35%  MAC  M  <  0.6  q  =  50  -  200  Ib/ft 

Figure  69:  Flight  Test  Variation  of  with  Angle 

92 

of  Attack  for  the  YF-16  Aircraft. 


TUMNCt- 


ig  =  35%  MAC  M  <  0.6  q  =  SO  -  200  Ib/ft^ 

Figure  71:  Flight  Test  Variation  of  with  Angle 
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of  Attack  for  the  YF-16  Aircraft. 
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EXAMPLE  MMLE  DETERMINED  PARAMETERS  IN  TURBULENCE 

Figure  72A  presents  a  set  of  Lockheed  Jetstar  longitudinal  stability 
and  control  parameters  frcsn  Reference  143.  These  stability  parameters 
were  extracted  by  Tung  from  NASA  Dryden  flight  test  data  taken  in  turbulence. 
The  maneuver  time  histories  and  the  turbulence  level  were  shown  previously 
on  Figures  6A  and  6B.  The  various  values  for  the  parameters  were  computed 
over  different  time  segments  of  the  four-singlet  elevator  input  time  history. 
The  accuracy  and  use  of  these  parameters  will  be  discussed  in  Sections  5  and 
6  of  this  chapter, 
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SECTION  5 


STABILITY  DERIVATIVE  ACCURACY 


INTRODUCTION 

It  was  pointed  out  in  Section  2  that  the  term  accuracy  represents  an 
absolute  measure  of  the  error  between  some  estimated  derivative  and  the 
true  derivative  value.  Since  the  true  value  is  unknown,  acciiracy  can 
probably  be  best  evaluated  by  determining  how  well  estimated  stability 
derivatives  used  in  the  equations  of  motion  HHthenatical  nodel  predict 
random  aircraft  motion.  Very  little  work  has  been  done  to  date  in  Idiis 
area. 


This  situation  obviously  gives  problems  in  trying  to  assess  the 
accuracy  of  stability  derivative's  determined  from  analysis,  wind  tunnel 
tests,  or  flight  tests.  The  following  discussion  will  concentrate  on 
(1)  pointing  out  the  current  areas  of  effort  in  trying  to  improve  the 
accuracy  of  each  method  of  estimating  stability  derivatives,  and  (2) 
discussing  seme  of  the  more  recent  efforts  made  to  try  to  correlate  data 
between  methods  of  estination. 

ANALYTICAL  ACCURACY 

St^oility  derivatives  cannot  all  be  estimated  with  the  same  accuracy. 

Nor  are  the  equally  important.  Table  2  and  3  show  the  degree  of  accuracy 

to  which  Roskam  believes  the  various  stability  derivatives  can  be  estimated 

.  72  74 

using  Datcom  analytical  methods.  ’  Table  2  and  3  also  indicate  the 

relative  importance  of  these  derivatives  in  determining  the  stability  and 

control  characteristics  of  aircraft.  For  the  latter,  a  numerical  rating 

scale  varying  from  10  (major  importance)  to  1  (negligible  importance)  has 

been  used.  These  ratings  should  give  some  guidance  to  determine  how  much 

74 

effort  is  warranted  in  estimating  individual  stability  derivatives. 

Much  work  is  being  done  on  developing  new  and  more  accurate  theoretical 
approaches.  Methods  which  have  very  good  potential  in  this  regard  are 
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Table  2:  Relative  Importance  and  Prediction  Accuracy  of  Longitudinal 

.  .  74 

Stability  Derivatives. 


Derivative 

Relative 

Importance* 

Estimated 

Prediction 

Accuracy** 

Cl 

a 

10 

+51 

C 

m 

a 

10 

10 

Cd 

a 

5 

10 

Cl 

4 

40 

• 

a 

Cm 

7 

40 

a 

1 

50 

a 

Cl 

5 

20 

U 

Cm 

u 

8 

20 

Cd 

6 

20 

% 

3 

20 

q 

9 

20 

1 

30 

*  10  =  major,  5  =  minor,  0  “  negligible 


**  Using  Reference  72  ffethods. 
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Table  3:  Relative  Importance  and  Prediction  Accuracy  of  Lateral-Directional 

74 

Stability  Derivatives. 


Estimated 

Relative 

Prediction 

Derivat  ive 

Importance* 

Accuracy** 

Cy 

e 

7 

+20% 

10 

20 

3 

C 

10 

15 

2 

60 

3 

2 

60 

3 

Cn 

4 

60 

3 

Cy 

4 

50 

10 

15 

P  i 

c 

8 

90 

Cy 

r 

4 

30 

r 

7 

40 

"n 

r 

9 

25 

10  =  irajor,  5  =  minor,  0  =  negligible 
Using  Reference  72  Methods. 
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finite-element  methods  such  as  those  given  in  Reference  74  by  Roskam. 


74,125 


74,  126 


Figures  73  thru  77  are  exanples  of  analytical  data  obtained  using 

finite-element  methods.  These  figures  demonstrate  the  very  significant 

effects  of  aeroelasticity  (dynamic  pressure)  on  longitudinal  derivatives. 

T)ie  (3ata  presented  are  limited  to  longitudinal  derivatives  because  of  the 

state  of  the  art  of  influence  coefficient  aerodynamics;  however,  the  literature 

shows  tiat  basic  finite-element  analytical  methods  can  be  extended  to 

74  128 

lateral-directional  stability  derivative  determination.  ’ 


How  much  accuracy  is  lost  by  assuming  a  rigid  aircraft  for  analysis  is  a 

function  of  vdiere  in  the  operational  envelope  the  aircraft  is  flying.  For 

example,  Figure  73  shows  that  for  the  normal  transport  operation  such  as 

immediate  climb  to  higji  subsonic  Mach  number,  hi^  altitude  cruise,  the 

aircraft  tends  to  "fly  along"  the  rigid  versus.  Mach  number  curve. 

a 

Ouising  at  35,000  ft  at  0.85  l^ch  number  an  analytical  accuracy  of  about 
15  percent  is  sacrificed  by  assuming  a  rigid  aircraft. 


Figure  74  does  not  exhibit  a  similar  trend.  At  the  same  cruise  conditions 

of  Mach  number  0.85  at  35,000  ft,  the  longitudinal  static  stability  derivative, 

,  is  computed  to  be  60  percent  too  large  (more  negative)  by  assuming  a 
™a 

rigid  aircraft.  Obviously,  this  is  a  very  serious  loss  of  analytical  accuracy 
since  it  results  in  the  elastic  aircraft  neutral  point  being  about  12  percent 
M^C  forward  of  its  computed  position. 
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Boeing  707-320B. 


Figure  75:  Coirtparison  of  Analytical  Rigid  and  Elastic  C  for  the 
Boeing  707-320B.^^’^^^ 

Figure  75  shows  that  assuming  a  rigid  aircraft  results  in  conputing  the 
pitch  damping  derivative,  ,  to  be  26  percent  larger  (more  negative) 

than  it  is  for  the  elastic  aircraft  at  the  same  cruise  conditions  of  0.85 
Mach  number  at  35,000  ft. 


o 


loo  Boo 


Figure  76:  Comparison  of  Analytical  Elastic  for  the  Boeing 

6 

e 


707-320B. 
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Figure  76  is  a  plot  of  longitudinal  control  power. 


,  versus 


dynamic  pressure  with  lines  of  constant  Ffech  number  shown.  This  is  another 
logical  way  to  present  conputed  elastic  aircraft  stability  derivative  data 
since  aeroelastic  effects  are  functions  of  dynamic  pressure.  In  fact, 
lines  of  constant  agamic  pressure  could  be  shown  on  Figures  73,  74  and  75. 


2 

Figiire  76  shows  that  at  a  constant  dynamic  pressure  of  250  Ib/ft  (constant 
equivalent  airspeed,  which  is  nearly  constant  indicated  airspeed  of  271 
knots),  coiputed  elevator  power  decreases  by  23  percent  between  10,000  and 
25,000  ft. 

Figure  77  shows  quite  clearly  that  the  control  power  of  the  Boeing 
supersonic  transport  would  be  estimated  about  100  percent  too  large  for  a 
l^ch  number  2.0  cruise  if  a  rigid  aircraft  calculation  were  made. 

If  nothing  else,  the  preceding  five  figures  and  discussion  should 
illustrate  that,  in  general,  aeroelastic  effects  (dynamic  pressure)  are 
significant,  ^feintaining  the  same  external  geometry,  but  changing  the 
structural  rigidity  or  mass  distribution  of  the  aircraft  also  changes  the 
aeroelastic  characteristics  of  the  aircraft.  This  problem  of  inertial 
effects  is  discussed  by  Roskam  in  Reference  74. 

Obviously,  major  changes  in  the  longitudinal  stability  derivatives  due 

to  aeroelastic  effects  cause  major  changes  in  the  longitudinal  modes  of 

motion,  the  phugoid  and  short  period.  Not  only  do  the  derivatives  change, 

but  the  basic  equations  of  motion  change  since  they  were  derived  assuming 

a  rigid  aircraft.  A  complete  and  rigorous  development  of  the  perinirbed 

ec^uations  of  motion  of  an  elastic  aircraft  like  that  found  in  Reference  127 

is  beyond  the  scope  of  current  stability  and  control  textbooks  and  is 

74 

certainly  beyond  the  scope  of  this  text  and  course. 

WIND  TUNNEL  ACCURACY 

In  general,  wind  tunnel  testing  can  increase  the  accuracy  of  stability 

6  5  *71] 

derivative  prediction  considerably.  ’  Prior  to  fli^t  test,  wind  tunnel 

106 

estijiates  remain  the  primary  indicator  of  how  an  aircraft  will  behave. 

Some  of  the  mjor  sources  of  error  in  wind  tunnel  testing  were  discussed 
in  Section  3  of  this  text.  A  significant  point  is  that  small-scale  model 
wind  tunnel  tests  are  only  analogies  of  full-scale  flight.  Therefore,  the 
analytical  procedures  used  to  extrapolate  wind  tunnel  test  results  to  full- 
scale  flii^t  conditions  and  the  accuracy  of  small-scale  model  tests  are 
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interrelated.  Because  the  wind  tunnel  test  is  not  a  precise  duplication  of 
flight,  it  is  unrealistic  to  attenpt  to  correlate  snail-scale  nodel  test 
results  directly  with  full-scale  fli^t  test  derived  results.  The  analytical 
techniques  used  for  the  interpolation,  adjustment,  and  extrapolation  of 
small-scale  wind  tunnel  test  resiilts  are  as  much  a  part  of  the  prediction 
of  full-scale  fli^t  characteristics  as  the  actual  determination  of  the 
wind  tunnel  test  data.  This  case  is  not  overstated.  There  are  many 
exanples  in  the  literature  of  wind  tunnel  corrections  being  the  same  order 
of  iragnitude  as  the  data,  i.e.,  the  wind  tunnel  data  needs  to  be  doubled 
(or  hcilved)  to  predict  full-scale  aircraft  characteristics. 

The  force  and  moment  coefficients  on  a  rigid  small-scale  model  tested 

in  a  wind  tunnel  will  be  the  same  as  those  on  a  rigid  aircraft  inflict  if 

they  are  both  measured  at  the  same  angle  of  attack,  Renolds  number  and  Mach 

numiber.  Reynolds  number  is  usually  used  for  presentation  of  wind  tunnel 

data  because  the  small-scale  relatively  stiff  models  show  first  order  drag 

variations  with  Reynolds  number.  Flight  test  results,  however,  come  from 

testing  full-scale  vehicles  which  are  flexible  or  elastic  and  show  first 
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order  effects  in  dynamic  pressure.  This  probltm  will  be  discussed  further 
in  assessing  the  accuracy  of  flight  test  stability  derivative  determination. 

A  problem  worthy  of  further  discussion  now  is  the  use  of  solid  models 
having  lower  percentage  structural  deflections  under  load  than  does  the  air¬ 
craft.  Just  as  it  was  for  analysis,  aeroelastic  effects  are  important  in 
wind  tunnel  testing. 

The  obvious  solution  is  to  use  "elastically  similar"  models  in  wind 
tunnel  testing.  Designing  and  building  elastic  wind  tunnel  models  and 
using  elastic  test  data  is  expensive  and  complicated.  In  theory,  data 
obtained  from  testing  an  "elastically  similar"  small-scale  model  in  a  wind 
tunnel  will  give  the  same  force  and  moment  coefficients  as  those  on  the 
actual  aircraft  in  flight  if  these  coefficients  are  measured  at  the  same 
angle  of  attack,  Reynolds  number,  Mach  number,  and  dynamic  pressure. 

The  way  in  which  a  wind  tunnel  model  is  scaled  depends  largely  on  the 
test  objectives.  Generally,  the  objective  is  to  establish  aerodynamic 
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similarity  in  some  flight  regime  between  the  wind  tunnel  model  and  the 

aircraft  it  represents.  In  the  case  of  relatively  rigid  aircraft  this  is 

done  by  building  a  rigid,  geometrically  scaled  model  and  testing  it  at 

full-scale  Mach  numbers,  but  generally  at  some  Reynolds  number  less  than 

full-scale.  Reynolds  number  corrections  to  the  data  are  usually 

required.  In  this  case,  the  test  dynamic  pressures  are  important  only 

74 

because  they  establish  the  test  Reynolds  number. 

To  simulate  the  static  aerodynamic  force  and  nonent  characteristics  of 
elastic  aircraft  on  scale  models,  it  is  only  necessary  to  simulate  static 

load-deflection  relationships  on  the  model.  It  is  not  necessary  to  simulate 

.  74 

structural  dynamic  response  of  the  aircraft. 

Usually  flutter  wind  tunnel  models  cannot  be  used  for  the  type  of  testing 
inplied  here.  The  reason  is  that  these  models  are  scaled  for  both  mass 
and  stiffness  which  makes  them  rather  flimsy  and  precludes  testing  at  full- 
scale  dynamic  pressures  and  Mach  numbers. 

One  objective  of  wind-tunnel  testing  of  elastic  models  at  full-scale 

dynamic  pressures  is  to  measure  and  observe  geometric  shape  changes  as  a 

function  of  dynamic  pressure  and  Mach  number.  In  the  case  of  aircraft  which 

exhibit  large  shape  changes,  it  as  important  to  know  accurately  the  shape  .in 

which  the  aircraft  has  to  be  built  in  its  assembly  jigs  so  that  it  can  deflect 

into  its  proper  optimum  shape  at  some  design  cruise  weight,  dynamic  pressure, 
74 

and  Mach  number. 

The  second  objective  for  testing  a  flexible  wind  tunnel  model  is  to 
determine  aeroelastic  effects  on  the  performance  and  stability  and  control 
characteristics  of  the  aircraft,  e.g.,  determine  elastic  stability  derivatives. 
Because  of  the  1-g  wind  tunnel  environment,  the  flexible  model  will  not 
simulate  the  aircraft  exactly;  however,  it  can  be  used  to  measure  changes  in 
control  power  or  effectiveness  due  to  the  intercoupling  of  aerodynamic  and 
structural  phenomena.  Accounting  for  elastic  effects  on  the  aircraft  and  wind 
tunnel  model  multiplies  the  problems  involved  with  using  wind  tunnel  data  to 
predict  full-scale  aircraft  characteristics.  Roskam  gives  a  step-by-step 
procedure  in  using  elastic  wind  tunnel  data  in  Reference  74.  In  addition, 
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hs  has  suraierized  the  differences  between  a  flexible  aircraft  and  a  flexible 
wind  tunnel  model  as  shown  in  Table  4: 


74 

Table  4:  Differences  Between  Aircraft  and  Wind  Tunnel  Models. 

Aircraft 

Model 

1.  Ijoad  factor  (n)  varies  with 
angle  of  attack. 

Tested  at  constant  load  factor  (n=l) 
when  angle  of  attack  is  varied. 

2.  Completely  flexible:  wing, 
tail  and  body  are  flexible. 

Usually  has  only  partial  flexibility: 
as  an  exairple  the  body,  inboard  wing 
and  tails  may  be  rigid  while  the  out¬ 
board  wing  and  tail  janels  nay  be 
flexible. 

3.  Wei^t  distribution  varies 
for  different  fli^t 
conditions. 

Weight  distribution  is  constant  and 
is  not  similar  to  any  aircraft  weight 
distribution. 

4.  Experiences  various  changes 
in  flexibility  because  of 
environmental  changes  (aero¬ 
dynamic  heating) . 

Experiences  changes  in  flexibility 
caused  by  wind-tunnel  tenperatures. 

A  third  objective  in  determining  an  aircraft’s  flexible  characteristics 

by  elastic  wind  tunnel  model  tests  is  to  substantiate  theoretical  predictions 
74 

and  analyses.  This  objective  is  directly  related  to  increasing  the 
accuracy  of  both  wind  tunnel  and  analytical  methods  for  estimating  stability 
derivatives. 

The  interaction  of  aeroelastic  and  Reynolds  number  effects  was  of  concern 

during  the  TACT  supercritical  wing  evaluation  program.  It  was  thou^t  that 

some  effects  on  aircraft  which  were  normally  attributed  to  Reynolds  number 

were  actually  due  to  flexibility.  Therefore,  separate  identification  of 

these  effects  was  desired.  This  was  accomplished  by  using  elastic  wing 

wind  tunnel  models.  Three  flexible  wing  wind  tunnel  models  were  built  for 
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this  research  program.  They  were  1/24,  1/15,  and  1/12-scale  models. 

A  major  conclusion  of  the  TACT  wind  tunnel  testing  was  that  adequate  engineer- 
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ing  tools  exist  for  properly  estimating  transonic  aerodynamics.  The 

use  of  flexible  model  technology  in  the  TACT  program  was  considered  a  step 
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forward  in  estinating  full-scale  aircraft  aerodynamic  characteristics. 

FLIGHT  TEST  ACCURACY 

Stability  derivative  deterroination  by  fli^t  test  is  generally  thought  of 

as  being  more  accurate  than  determination  by  either  analysis  or  wind  tunnel 
65 

tests.  Classical  steady-state  testing  and  transient  response  techniques 
are  currently  used  to  extract  stability  derivatives. 

Classical  Steady-State  Testing 

Some  stability  derivatives  can  be  accurately  determined  by  classical 
steady-state  testing.  As  an  example,  methods  for  extracting  longitudinal 
derivatives  were  shown  in  detail  in  Section  4  of  this  text. 

Lift  curve  slope,  Cj^  ,  can  be  determined  directly  for  any  trim 

a 

condition.  The  accuracy  of  this  determination  is  limited  only  by  the 
accuracy  to  which  aircraft  wei^t,  angle  of  attack,  airspeed  (or  Mach 
number),  and  pressure  altitude  can  be  measured. 


237 


Hie  derivative  CL  is  nonlinear;  Jiowever,  it  also  can  be  determined 
a 

for  any  trim  lift  coefficient  ^  values  of  inflight  net  thrust  can  be  determined. 
The  accuracy  of  this  derivative  estimation  is  limited  by  the  accuracy  to 
which  net  thrust,  angle  of  attack,  airspeed  (or  kfech  number),  and  pressure 
altitude  can  be  measured. 


Elevator  power,  ,  and  the  longitudinal  static  stability  derivative, 
6 

e 

Sn  ’  ^  determined  indirectly  by  measuring  elevator  deflection.  Accuracy 

a 

of  this  determination  is  dependent  upon  the  linearity  of  the  curve  of 
equilibrium  lift  coefficient  versus  elevator  deflection  as  well  as  upon  the 
accuracy  to  which  aircraft  weight,  airspeed  (or  Mach  number),  pressure 
altitude,  aircraft  center  of  gravity,  and  elevator  deflection  can  be  determined. 


Lateral -directional  derivatives  must  all  be  determined  indirectly  if 
classical  steady-state  testing  is  employed.  This  is  certainly  less  accurate 
than  the  technique  just  described  for  determining  some  of  the  longitudinal 
derivatives  from  steady-state  testing.  Assessing  the  accuracy  of  steady- 
state  lateral-directional  derivative  determination  is  a  good  student  home¬ 
work  exercise. 

Transient  Response  Techniques 

There  are  imny  transient  response  techniques  which  can  be  used  to 

extract  stability  derivatives  if  the  aircraft  free-response  is  oscillatory. 

Some  of  these  were  discussed  in  Section  1.  If  short  period  damped  frequency 

and  damping  ratio  can  be  determined  easily,  then  C  can  be  estimated. 

a 

Weathercock  stability,  C  ,  can  also  be  determined  if  the  Dutch  roll  is 

oscillatory,  but  not  as  accurately  because  of  the  coupling  in  roll  and  yaw 

during  lateral-directional  oscillations.  Even  general  comments  on  the 

accuracy  of  transient  response  techniques  other  than  MMLE  for  highly 

damped  aircraft  response,  i.e.,  analog  matching,  or  Fourier  transform 

would  be  speculative.  Information  available  in  the  literature  concerning 

accuracy  of  these  techniques  involves  correlation  with  wind  tunnel  tests 
97 

and  analysis. 
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MMT,E  Transient  Response  Technique 

Increased  accuracy  is  one  of  the  najor  reasons  the  AFFTC  gives  for 

60 

using  MMLE  stability  derivative  extraction  techniques.  In  an  absolute 
sense,  this  improved  accuracy  cannot  be  shown.  One  indirect  technique 
described  by  Maunder  has  been  used  to  try  to  validate  MMLE  derived  derivatives. 
This  technique  involves  a  conparison  of  inflight  measured  aircraft  frequency 
response,  i.e.,  measured  estinetes  of  the  aircraft  transfer  function  using 
SIFT  techniques,  with  the  Laplace  transfomation  of  the  equations  of  motion, 
where  the  Laplace  transforms  are  computed  using  MMLE  extracted  stability 
derivatives.  The  result  is  a  direct  comparison  between  SIFT  determined  and 
MMLE  computed  aircraft  transfer  functions  in  the  frequency  domain.  With 
respect  to  the  dominant  mathematical  model  parameters,  the  results  of  this 
comparison  technique  showed  the  method  to  be  sensitive  enough  to  verify  the 
MMLE  derived  mathematical  model. 

Statistical  error  analysis  is  another  technique  which  can  be  used  to 
give  credibility  to  claims  of  MMLE  program  accuracy.  In  the  computational 
scheme  employed  in  the  MMLE  program,  there  exists  the  capability  (under 
certain  cpnditions  and  restrictions)  to  calculate  the  statistical  variance 
of  the  estimated  parameter  value  with  respect  to  the  "best  estimate"  value. 
Techniques  for  correcting  this  variance  and  confidence  level  calculated  by 
MMLE  have  been  prepared  by  Balakrishnan,  but  have  not  been  used  to  date  in 
a  production  aircraft  test  program. These  corrections  are  based  on 
instrumentation  sample  rate  and  measured  frequency  bandwidth  of  the  noise 
and  their  use  will  probably  become  common  practice.  Confidence  levels 
of  one  standard  deviation  calculated  by  the  MMLE  program  have  been  used  as 
measures  of  relative  accuracy  or  goodness  and  will  be  discussed  later  along 
with  data  correlation.  It  is  hoped  that  use  of  the  MMLE  program  for  derivative 
extraction  at  the  USAF  Test  Pilot  School  will  establish  a  statistically 
significant  data  base  which  can  provide  additional  evidence  of  repeatability. 

In  general,  when  using  parameter  estimation  techniques,  error 
analysis  is  extxamely  important .  In  the  case  of  the  MILE  program,  Monte  Carlo 
simulations  of  the  entire  proceess  have  been  made  for  the  purpose  of  error 
analysis.  This  type  of  simulation  has  shown  that  the  use  of  accurate 
constants  in  the  MMLE  derivative  extraction  program  such  as  aircraft  mass, 
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noment  of  inertia,  and  center  of  gravity  location  is  essential.  For 
example,  to  have  less  than  a  ten  percent  erroi’  in  the  extracted  value  of 
C,  for  the  F-4,  the  airxiraft  center  of  gravity  must  be  known  to  five 
e 

inches. As  another  example,  an  error  in  center  of  gravity  location  of 

five  inches  in  a  Lear jet  derivative  extraction  program  caused  a  thirty 

136 

percent  error  in  C .  . 

a 

Aeroelastic  and  Reynolds  Nvmiber  Effects 

A  consideration  of  aeroelastic  effects  is  essential  for  assessing 
the  accuracy  of  stability  derivcitives  extracted  from  flight  test  data.  The 
test  aircraft  is  obviously  elastic.  The  AFFTC  reconmends  that  flight  test 
determined  derivatives  be  presented  as  a  function  of  dynamic  pressure  to 
maintain  the  linear  relationshij)  which  usually  exists.  Flexibility  effo-cts 
can  be  assessed  from  flight  test  by  conparing  derivatives  obtained  at  the 
same  angle  of  attack  and  Mach  number,  but  at  different  dynamic  pressures. 

This  concept  ignores  the  fact  that  matching  angle  of  attack,  ^kch  number, 
and  dynamic  pressure  by  varying  altitude  results  in  comparing  derivatives  at 
different  Reynolds  numbers.  Under  these  conditions,  assuming  that  coefficient 
of  viscosity  is  proportional  to  the  square  root  of  the  temperature,  an  astute 
student  can  show  that: 

for  any  two  test  conditions. 

Ignoring  Reynolds  number  differences  of  this  magnitude  may  not  be 

important  for  most  flight  test  data  points,  but  it  might  be  for  derivatives 

determined  at  high  angle  of  attack  trim  conditions.  Current  fli^t  test 

130 

practice  is  to  ignore  temperature  (Reynolds  number)  variations. 

DATA  CORRELATION 

Now  that  factors  which  effect  the  accuracy  of  the  various  methods  for 
determining  stability  deiivatives  have  been  discussed,  typical  results  of 
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comparing  derivatives  determined  by  analysis,  wind  tunnel  test,  and  flight 
test  will  be  presented. 

AFFTC  MMLE  Experience 

Figures  78  thru  81  show  data  which  were  obtained  using  the  MMLE 
computer  program  at  the  AFFTC.  Each  data  point  plotted  versus  angle  of 
attack  represents  an  independent  test  condition.  The  vertical  lines 
presented  on  these  plots  represents  one  standard  deviation  confidence 
levels  as  confuted  by  the  MMLE  program. 

These  data  exhibited  significant  repeatability  when  they  were 
obtained  at  similar  test  conditions;  however,  as  expected,  some  derivatives 
show  more  scatter  than  others.  Data  are  so  closely  grouped  on  some  plots 
that  it  is  difficult  to  distinguish  one  point  from  another,  e.g., 

C»  ,  C  ,  and  Cy  on  Figure  78.  However,  sideforce  due  to  rudder,  Cy  , 

and  aileron,  Cy  ,  in  particular  on  Figures  79  and  80  show  considerable 
a 

scatter. 


Fli^t  test  derivatives  determined  by  MMLE  techniques  and  shown  on 
Figures  78  thru  81  also  agree  reasonably  well  with  the  wind  tunnel  data 
shown.  Except  for  some  sideforce  derivatives,  flight  test  and  wind  tunnel 
determined  derivatives  generally  agree  within  25  percent.  This  is  not 
the  case  in  all  flight  test  programs.  Some  significant  disagreements  will 
be  discussed  in  Section  6;  however,  data  presented  here  are  typical  of  the 
results  obtained  on  neny  other  fli^t  test  programs  at  the  AFFTC.  In 
general,  the  AFFTC  has  shown  data  with  significant  repeatability  which  lends 
confidence  that  the  technique  yields  at  least  consistent  results. 


THEOREM  XIX: 
113 

can  be  obtained. 


Given  perfect  data  and  a  perfect  model,  mique  results 
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Figure  78:  Typical  AFFTC  MMLE  Lateral-Directional  Stability  Derivative 
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Figure  79:  Typical  AFFTC  MLE  Lateral-Directional  Stability  Derivative 


Figure  80:  Typical  AFFTC  MMLE  Lateral-Directional  Stability  Derivative 


Figures  82  and  83  are  typical  exaiiples  of  the  correlation  between 
classical  steady-state  sideslip  and  MMLF  stability  derivative  extraction 
techniques.  The  data  symbols  plotted  on  Figure  82  were  measurements  taken 
directly  from  steady-heading  sideslip  maneuvers,  while  the  faired  lines 
depict  data  obtained  by  calculation  from  MMLE  determined  derivatives. 

Figure  83  shows  similar  data  taken  over  a  wide  range  of  Ifach  numbers.  This 
agreement  is  graphic  evidence  that  the  MMLE  stability  derivative  extraction 

technique  yields  nearly  identical  results  as  does  the  classical  steady-state, 

.  ^  106 
steady-heading  sideslip  neneuver. 

A  complete  set  of  YF-16  stability  derivatives  extracted  using  MMLE 

techniques  was  presented  in  Section  4.  Fbny  derivatives  agreed  extremely 

well  with  the  wind  tunnel  data  presented.  For  the  derivatives  ,  Ch  ,  , 

a  p  P 

C  ,  and  C«  as  shown  on  Figures  47,  53,  59,  70,  71  and  72,  the  wind  tunnel 
r  r 

results  could  just  as  well  be  lines  faired  through  the  flight  test  data. 

However,  there  was  a  significant  difference  for  at  least  one  major  derivative, 

C  ,  as  it  varied  with  angle  of  attack.  Figure  44  shows  that  the  wind  tunnel 
a 

estimate  for  zero  static  nargin  =  oj  occurred  at  about  14.5  degrees  angle 

of  attack.  The  MMLE  flight  test  data  shows  that  zero  static  margin  occurred 
at  about  22.5  degrees  angle  of  attack.  The  AFFTC  believes  the  wind  tunnel  data 
to  be  in  error.  Some  of  these  YF-16  stability  derivatives  will  be  discussed 
further  in  Section  6  and  used  as  examples  to  illustrate  the  use  of  parameter 
analysis  methods. 

USAF  Test  Pilot  School  students  should  be  very  aware  of  the  fact  that 
"apparent  accuracy"  can  be  greatly  influenced  by  data  presentation  methods. 

See  Figures  52  and  53  idrere  the  same  data  and  data  fairings  are  presented  with 
different  vertical  scales. 
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Figure  85:  Variation  of  Longitudinal  Stability  with  Jfech  Number  for 
the  TACT  Aircraft. 


however,  supersonically  the  flight  extracted  using  the  ^f^LE  program 

a 

is  approxinately  30  percent  below  the  rigid  wind  tunnel  data.  Since 

estijiHted  aeroelastic  effects  account  for  approxinately  a  10  percent 

loss,  this  difference  is  considered  excessive.  Analysis  of  classical 

naneuvering  flight  data  shows  that  the  longitudinal  dynamic  doublets 

did  not  provide  sufficient  infomation  for  the  program  to  separate 

Cj^  and  Cj^  ,  particularly  at  the  conditions  where  the  aircraft  is  very 
a  0 

e 

stable,  and  that  a  hi^  weighting  should  be  applied  to  the  a  priori  value 
of  to  inprove  the  accuracy  of  the  MMLE  extracted  Cj^ 

e 


The  corresponding  pitch  damping  derivatives  |C  C  ]  and 

a 

elevator  power,  C  ,  are  shown  in  Figure  86  as  functions  of  Mach  number. 
"*6 

e 

These  data  show  considerable  scatter;  however,  these  conparisons  do 
indicate  that  wing  sweep  has  a  minor  effect  on  these  derivatives. 


TTKCT 

reference  geometry 

fCORRESPONOS  TO  16  deg 
LEADING  EDGE  SWEEP) 

WING  AREA,  S  =  603.9 

WING  SPAN,  b  =  59.33  ft 

mean  GEOMETRIC  CHORD.  MAC  -  10.49  ft 


252 


I  /RAD 


o 


q  -'  300  to  800 


MACH  NUMBER 

Figure  86:  Pitch  Damping  and  Elevator  Power  Versus  hfech  Number  for 

129 

the  TACT  Aircraft. 


The  variation  of  ,  and  (C^  ^  attack 

a  a  ^  a 

is  shown  in  Figure  87  for  26  degree  wing  sweep  at  0.90  Mach  nurnber  and 

dynamic  pressure  of  800  Ib/ft^.  These  data  are  conpared  to  rigid  wind 

tunnel  data  and  indicate  the  nonlinear  nature  of  these  derivatives  with 

anele  of  attack  and  point  out  the  need  for  duplication  of  angle  of  attack 

129 

to  obtain  a  valid  correlation  between  data  sets. 
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The  variation  of  elevator  power  with  dynamic  pressure  is  shown 

on  Figure  88.  The  rigid  wind  tunnel  data  as  corrected  for  flexibility 

using  FLEXSTAB  estinHtes  does  represent  an  average  of  the  flight  data. 

This  parameter  usually  is  easily  identified  and  should  have  comparatively 

little  scatter.  However,  these  data  do  show  more  scatter  than  desired, 

which  is  probably  due  to  the  relatively  higji  stability  of  these  flight 
129 

conditions. 

Reference  129  also  presents  the  variations  of  the  TACT  aircraft 

longitudinal  derivatives  Sn  dynamic  pressure, 

q  •  a  a 

a 

and  C  with  angle  of  attack  for  various  wing  sweep  angles.  The 

e 

presentation  in  Reference  129  offers  a  very  conplete  comparison  of 
longitudinal  stability  derivatives  determined  from  flight  test  using  the 
MMLE  program  with  wind  tunnel  and  analytical  estimates. 
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A  limited  amount  of  lateral-directional  data  are  presented  here 

to  give  an  indication  of  the  type  and  quality  of  data  obtained  from  the 

TACT  f1  ight  test  program,  and  how  it  correlates  with  wind  tunnel  data 

129 

and  aeroelastic  corrections. 


The  lateral-directional  derivatives  extracted  from  flight  test 

data  using  the  MMLE  program  are  presented  on  Figures  89,  90,  and  91  for 

a  I^ch  number  of  0.9  at  wing  sweeps  of  26  and  58  degrees  as  functions  of 

angle  of  attack.  The  sideslip  derivatives,  C  and  Cn  ,  presented  in 

6  6 

Figure  89  show  considerable  scatter,  but  definite  variations  with  angle 

of  attack  are  indicated.  The  roll  rate  derivatives,  and  ,  shown 

P  P 

in  Figure  90  have  more  scatter  than  the  sideslip  derivatives;  however, 

distinct  angle  of  attack  variations  can  still  be  defined  for  both  wing 

sweeps.  The  yaw  rate  derivatives,  and  ,  presented  in  Figure  91 

r  r 

have  a  large  amount  of  scatter  and  only  general  angle  of  attadc  variations 
can  be  determined. 
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Figures  92,  93,  and  94  present  TACT  aircraft  lateral-directional 

derivatives  as  functions  of  dynamic  pressuo^e  for  the  I^ch  number  0-9  and 

26  degree  wing  sweep  condition-  Also  shown  for  comparison  with  the  flight 

test  MMLE  program  determined  derivatives  are  rigid  wind  tunnel  values  or 

estiirated  values  and  the  flexible  variation  with  dynamic  pressure  as 

.  129 

predicted  by  FLEXSTAB  analysis- 

The  sideslip  derivatives  presented  in  Figure  92  show  that  fli^it 
test  determined  directional  stability  is  lovjer  than  wind  tunnel  values, 
as  faired,  and  has  a  greater  loss  with  increasing  dynamic  pressure-  Equal 

ty 

wei^ting  for  the  500  Ib/ft  dynamic  pressure  point  on  the  plot  would 

3 

have  Hatched  flight  test  and  wind  tunnel  directional  stability  trends  with 

dynamic  pressure  variation.  The  fli^t  test  data  also  shows  that  dihedral 

effect  increases  with  increasing  dynamic  pressures  (C»  becomes  more 

B 

negative)  and  that  a  similar  variation  is  predicted  by  FLEXSTAB  analysis. 

The  wind  tunnel  value  shown  here  is  considerably  hi^er  than  the  fli^t 

test  values  and  was  obtained  from  a  1/12-scale  mcxiel  tested  in  the  NASA 

129 

Ames  11-foot  wind  tunnel. 
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Figure  92;  Variation  of  Sideslip  Derivatives  with  Dynamic  Pressure 

1  9Q 

for  the  TACT  Aircraft. 


The  TACT  aircraft  roll  rate  derivatives  are  presented  in  Figure  93 

and  the  flight  test  data  show  an  increase  in  the  nagnitude  of  with 

P 

increasing  dynamic  pressure.  The  FLEXSTAB  analysis  predicted  a  lower  value 

of  and  no  appreciable  change  with  dynamic  pressure.  The  roll  damping, 

P 

C£  ,  as  faired  from  flight  test  shows  a  slight  decrease  with  increasing 
P 

dynamic  pressure.  However,  FLEXSTAB  analysis  predicted  an  increase  in 

P 

with  increasing  dynamic  pressure.  The  estinated  rigid  value  of  is 

P 

129 

approximately  20  percent  lower  than  the  fli^t  test  value. 
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The  TACT  aircraft  yaw  rate  derivatives  are  presented  in  Figure  94 

and  the  flight  test  data  faired  as  shown  indicates  no  effect  with  dynamic 

pressure.  The  FLEXSTAB  analysis  shows  a  very  small  decrease  in  and  a 

r 

substantial  decrease  in  with  increasing  dynamic  pressure.  Reference  129 

r 

attributes  this  decrease  to  the  decrease  in  lift  coefficient  at  a  constant 

angle  of  attack  resulting  fran  the  increase  in  wing  twist  with  increasing 

dynamic  pressure.  If  all  fli^t  test  data  points  had  been  given  the  same 

WP.1  ght  in  fairing  the  curve  in  Figure  94,  this  effect  would  have  also 

r 

been  shown  in  the  flight  test  data. 


Dynamic  Mode  Comparison.  The  TACT  aircraft  short  jjeriod  damping 
ratio  at  some  test  points  decreased  to  a  level  that  allowed  accurate 
measurements  of  Period,  P,  and  time  to  one-half  amplitude,  T^/2’ 

the  aircraft  response  time  histories .  These  measurements  are  compared 
in  Table  5  to  the  P  and  Tj^/2  calculated  by  a  digital  program  that 

used  the  MMLE  flight  derivatives  as  input  data.  Significant  differences 

can  be  seen  between  the  measured  and  calculated  values  for  sone  of  the 
129 

listed  conditions.  The  percentage  differences  between  calculated  and 
measured  values  of  P  and  T^^^  ^  ^so  shown  in  Table  5.  As  expected, 

the  values  of  P  show  better  correlation.  Percentage  differences  my  not 
be  the  best  way  to  conpare  these  data.  Statistical  analysis  of  the 
significance  of  these  data  is  a  good  student  homework  exercise.  Assuming 
second  order  aircraft  response,  the  ability  to  predict  damping  ratios 
and  periods  of  aircraft  modes  of  motion  using  MMLE  determined  derivatives 
would  be  a  valid  indicator  of  derivative  accuracy. 

Flying  Qualities.  The  AFFDL  also  determined  TACT  aircraft  dynamic 
parameters,  like  longitudinal  short  period  and  lateral-directional  Dutch 
roll  damping  ratio,  and  natural  frequency,  in  a  flying  qualities 
•  121 

analysis  by  Yeager.  These  parameters  calculated  frcan  MMLE  flighi-  test 
determined  derivatives  were  conpared  with  the  same  dynamic  parameters 
directly  measured  from  flight  test  data.  These  flight  test  derived  dynamics 
were  also  conpared  to  Digital  Datcom  estimates,  emd  Digital  Datcom  estimates 
modified  by  wind  timnel  test  results. 

The  AFFDL  used  a  technique  similar  to  the  one  used  by  the  USAF  Test 
Pilot  School  in  calculating  the  percentage  differences  shown  in  Table  5  to 
define  dynamic  parameter  error.  Both  short  period  and  Dutch  roll  damping 
ratios  and  natural  frequencies  were  analyzed  by  the  AFFDL.  The  differences 
between  values  of  c  and  calculated  from  MMLE  determined  derivatives  and 

values  directly  measured  from  response  time  histories  wero  determined  using 
the  following  relation: 
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TABLE  5:  COMPARISON  OF  LONGITUDINAL  SHORT  PERIOD  DYNAMICS 

FOR  THE  TACT  AIRCRAFT. 
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Error  Ratio  = 


to  or  c: 
a  n 


Mea. 


“n 


-  i“n  ':|cai. 
^  Mea. 


If  this  error  ratio  is  imalti.plied  by  100,  the  result  is  the  percentaf:e  dis- 

agrt-eitieih  IjetArfeen  air-craft  dynaiaic  parameters  obtained  from  the  two  different 

r;ourc:es.  Mean  values  of  this  error  ratio  and  the  standard  deviations  about 

those  means  were  then  determined  for  individual  Mach  numbers  at  the  selected 

wing  sweep.  Eata  from  all  altitudes  and  angles  of  attack  were  combined  at 

each  Mach  number  and  wing  sweep  to  obtain  a  reasonably  large  sample  size 

(number  of  test  points  flown).  In  addition,  means  and  standaird  deviations  . 

of  all  error  ratios  available  for  each  wing  sweep  and  the  error  ratios  for 

121 

all  available  data  at  all  wmg  sweeps  were  calculated. 


Overall,  less  than  six  percent  average  error  was  exhibited  between 

vcilues  obtained  by  the  two  methods:  This  indicated  that  mean  values  of 

aircraft  dynamic  parameters  obtained  from  either  method  had  a  high  degree 

121 

of  interchangeability. 

The  standard  deviation  of  the  error  ratio  about  the  nean  should  be 

very  low  to  allow  a  direct  interchange  of  individual  values  derived  through 

the  two  different  methods.  The  standard  deviation  of  the  natural  frequencies 

was  quite  low  (0.05),  but  the  standard  deviation  of  damping  ratios  was 

higher  than  desirable  (0.22  -  0.28).  USAF  Test  Pilot  School  students  should 

not  be  surprised  to  learn  tliat  the  AFFDL  believes  that  a  large  part  of  this 

discrepancy  was  due  to  the  difficulty  of  accurately  measuring  the  damping 

ratio  from  time  histories  of  well  damped  responses.  Generally,  the  short 

period  and  Dutch  roll  damping  ratios  and  natural  frequencies  obtained  by 

calculation  from  MMLE  fli^t  test  determined  derivatives  were  considered 

121  ■ 

interchangeable  with  the  measured  values . 


The  AFFDL  also  compared  TACT  aircraft  values  of  short  pi-riod  and 
Ditch  r-oll  damping  ratio  and  nai  ural  frequency  determined  Ijy  caJ.culal:ion 

from  MMID  determined  stability  derivatives  with  the  same  -[v-ir-ame I < rs  obtained 

.  .  119 

from  wind  tunnel  tests  and  the  Digital  Datcom  program.  Aeroelastic 
effects  were  not  accounted  for  in  determining  stability  derivative  values. 
The  reason  given  was  that  flexibility  corrections  are  not  usually  available 
during  early  design  stages.  These  data  were  also  compared  against  the 
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flying  quality  requirements  of  MIL-F-8785B  (ASG). 
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As  an  exaitple,  the  TACT  aircraft  longitudinal  short  period  damping 
ratio  and  natural  frequency  as  a  function  of  angle  of  attack  for  a  I^ch 
number  of  0.7,  26  degrees  of  wing  sweep,  at  22,500  feet  is  shown  in  Figure 
95.  Comparison  of  damping  ratios  with  MrL-F-8785B  (ASG)  criteria  is  also 
indicated  on  this  figure.  Figure  96  shows  natural  frequency  as  a  function 
of  acceleration  sensitivity,  n/a,  for  the  same  Mach  number  of  0.7  and  26 
degrees  wing  sweep,  but  at  three  different  altitudes  compared  to 
MIL-F-8785B  (ASG)  requirements.  These  data  show  that  natural  frequency 
was  better  predicted  at  hi^  altitudes  than  low  altitudes.  This  indicates 
that  natural  frequency  was  being  under  predicted  at  high  dynamic  pressures 
and  was  influenced  by  aeroelastic  effects.  Compliance  with  MIL-F-8785B  (ASG) 
was  better  at  low  altitudes  than  at  high  altitudes.  Level  2  requirements 
were  met  or  exceeded  except  for  one  point  at  an  angle  of  attack  of  8.2 
degrees. 
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Figure  95:  Variation  of  the  Longitudinal  Short  Period  Mode  with  Angle 
of  Attack  for  the  TACT?  Aircraft. 


272 


natural  frequency  ~  RADiANS/SEC 


A  =26°  MACH  NUMBER  =  0.7 


Figure  96:  Variation  of  the  Longitudinal  Short  Period  Mcde  with 

121 

Acceleraticxn  Sensitivity  for  the  TACT  Aircraft. 
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The  AFFDL  also  statistically  compared  TACT  aircraft  short  period  i, 
and  0)^  obtained  from  Digital  Datcom  and  Digital  Datcom  modified  by  wind 
tunnel  tests  with  the  same  par-ameters  ca].culated  from  MMLE  Plight  test 
determined  derivatives.  An  error  ratio  similar  to  the  one  previously 
discussed  was  also  determined  for  these  data.  The  small  (0.06)  Digital 
Datcom  natural  frequency  error  ratio  was  improved  to  0.03  with  the  use 
of  wind  tunnel  data.  This  meant  that  natural  frequency  could  be  well 
predicted  in  either  the  preliminary  or  developmental  design  phases. 
Unfortunately,  the  standard  deviations  were  rather  large  (0.22)  for 
Digital  Datcom  predictions  and  improved  only  to  0.18  with  the  use  of  wind 
tunnel  data.  This  indicated  that  individual  predicted  natural  frequency 
values  must  be  considered  with  reservation.  The  short  period  damping  ratio 
appeared  to  be  considerably  under  predicted  by  either  set  of  aerodynamic 
data.  The  Digital  Datcom  damping  ratio  error  of  about  0.24  was  not 
inproved  with  the  use  of  wind  tunnel  data.  In  addition,  the  standarci 
deviation  was  marginal  (0.22)  for  Digital  Datcom  predictions  and  improved 
only  to  0.18  with  the  use  of  wind  tunnel  data. 

In  an  attempt  to  obtain  better  results,  the  same  data  were 

investigated  for  one-g  conditions  at  a  constant  dynamic  pressure  instead 

of  constant  Mach  number.  As  an  example,  longitudinal  short  period  damping 

2 

ratio  and  natural  frequency  at  a  dynamic  pressure  of  500  Ib/ft  is 
presented  in  Figure  97  for  26  degrees  wing  sweep. 

A  statistical  analysis  of  longitudinal  short  period  node  characteristics 
at  constant  cfynamic  pressure  showed  that  error  ratio  standard  deviations  were 
very  small  vdiich  indicated  good  predictability  of  individual  values;  how¬ 
ever,  there  was  considerable  variation  in  the  error  ratio  means  (as  much 
as  0.40  in  one  case),  indicating  that  some  correction  factor  needs  to  be 
applied.  Unfortunately,  it  is  not  obvious  how  to  determiine  this  factor  for 
each  wing  sweep  angle  and  dynamic  pressure.  Another  variable  constant  has 
been  discovered!  It  would  normally  be  suspected  that  the  correction  factor 
would  be  a  function  of  dynamic  pressure  due  to  the  previously  mentioned 
unapplied  flexibility  (aeroelastic)  corrections.  Yeager  concluded  that 
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this  was  not  borne  out  by  the  variation  of  values  of  the  error  ratio  means. 
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Figure  97:  Variation  of  the  Longitudinal  Short  Period  Mode  with  ^fech 
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Number  for  the  TACT  Aircraft. 
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The  TACT  aircraft  lateral-directional  Dutch  roll  node  was 
analysed  by  the  AFFDL  in  the  same  nenner  as  the  longitudinal  short  period 
node.  Example  predicted  and  exhibited  natural  frequencies  and  damping 
ratios  are  presented  in  Figure  98  for  the  26  degree  wing  sweep  configura¬ 
tion  at  a  ffech  number  of  0.7  at  10,000  ft.  Figure  99  shows  t3^ical 
predicted  and  flight  test  damping  ratios  and  natural  frequencies  compared 
to  KEL-F-8785B  (ASG)  requirenents .  Compliance  with  the  flying  qualities 
specification  is  depicted  directly  on  this  figure.  However,  MIL-F-8785B  (ASG) 
also  specifies  requirements  as  a  function  of  the  phi  to  beta  ratio,  <|)/3. 

If  the  phi  to  beta  ratio  is  unacceptable,  the  predicted  value  is  indicated 
by  a  heavy  line.  Some  of  the  Digital  Datccan  predictions  at  low  altitude 

(not  shown)  failed  to  satisfy  the  Category  B  Level  1  criteria.  All 
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points  at  all  wing  sweeps  satisfied  Level  2  (|)/8  requirements.  . 
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Figure  98:  Variation  of  the  LateraD -Directional  Dutch  Roll  Mode  with 
Angle  of  Attack  for  the  TACT  Aircraft. 
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The  AFFDL  accomplished  a  statistical  analysis  for  the  lateral- 
directional  mode  by  the  same  methods  as  the  longitudinal  mode  analysis  for 
all  altitudes,  wing  sweeps,  and  angles  of  attack.  The  error  ratio  neans 
indicated  that  some  danping  ratios  were  considerably  under  predicted.  The 
standard  deviations  of  the  error  ratios  were  also  undesirably  high  for 
some  wing  sweeps.  Natural  frequency  was  predicted  very  well.  Again,  as 
in  the  longitudinal  case,  modifying  Digital  Datcom  data  with  wind  tunnel ' 

results  indicated  an  improvement  in  flying  qualities  prediction  over  using 

.  .  121 
only  Digital  Datcom  data. 

On  the  average,  modified  Digital  Ife.tcom  Dutch  roll  damping  ratio 
estimates  were  within  17  percent  of  MMLE  calculated  ratios.  Similarly, 
natural  frequency  results  agreed  within  seven  percent.  However,  the 
standard  deviation  of  damping  ratio  error  was  hi^  (0.29).^^^ 


Exanple  TACT  aircraft  lateral-directional  Dutch  roll  danping 
ratios  and  natural  frequencies  for  constant  dynamic  pressure  are  shown 
in  Figure  100.  A  statistical  analysis  for  constant  dynamic  pressure,  as 
in  the  longitudinal  case,  showed  that  error  ratio  standard  deviations 
were  acceptably  low  for  both  damping  ratio  (0.04)  and  natural  frequency 
(0.01).  However,  the  error  ratio  means,  again  as  in  the  longitudinal 
case,  ejdiibited  considerable  variation  which  was  not  readily  e5<plained. 
Damping  ratio  error  ratio  mean  was  0 . 37  and  natural  frequency  error 
ratio  mean  was  0.13.  It  was  also  observed  that  the  error  ratio  means  in 
the  constant  dynamic  pressure  analysis  generally  exceeded  those  in  the 
constant  Mach  number  analysis.  The  determined  error  ratio  means  showed 

that  danping  ratio  was  considerably  less  well  predicted  than  natural 

^  121 
frequency. 
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SUMMARY 


Althoug}!  various  referenced  opinions  have  been  pi’esented,  an 
overall  assessment  of  the  adequacy  of  the  stability  derivative  accuracies 
discussed  in  this  section  will  be  left  to  the  student.  In  general,  data 
presented  in  this  section  confirm  that  fli^t  test  is  the  most  accurate 
of  the  current  methods  of  determining  stability  derivatives,  and  that 
theoretical  or  empirical  estimates  can  be  improved  by  the  use  of  wind 
tunnel  results.  Some  derivatives  can  be  determined  more  accurately  than 
others.  Fortunately,  the  most  important  derivatives  can  be  determined 
most  accurately. 

Analytical  estimates  which  neglect  aeroelastic  effects  can  be 
seriously  in  error.  Wind  tunnel  tests  which  use  flexible  models  can 
account  for  aeroelastic  effects  and  improve  the  accuracy  of  stability 
derivative  determination.  Aeroelastic  effects  can  be  isolated  in  flight 
test  by  presenting  extracted  derivatives  as  functions  of  dynamic  pressure. 

Some  stability  derivatives,  in  particular  static  longitudinal 

derivatives,  can  be  accurately  determined  by  classical  steady-state 

flight  testing.  Other  derivatives,  such  as  ,  can  be  determined  easily 

a 

and  accurately  from  aircraft  transient  response  ^  it  is  oscillatory. 

The  accuracy  of  flight  test  stability  derivative  extraction  using 
MLE  techniques  has  been  documented  by  both  the  AFFTC  and  NASA.  The  AFFTC 
has  found  that  on  current  flight  test  programs,  MMLE  determined  derivatives 
are  within  25  percent  of  wind  tunnel  determined  values. 

The  TACT  aircraft  fl  ight  test  program  demonstrated  that  longitudinal 
derivatives  can  be  liiore  accurately  determined  than  lateral-directional 
derivatives.  Both  NASA  and  the  AFFDL  compared  longitudinal  short  period 
and  lateral-directional  Dutch  roll  dynamic  parameters  calculated  using  MMLE 
determined  derivatives  with  values  measured  from  aircraft  response  time 
histories.  A  NASA  analysis  showed  that  the  MMLE  calculated  period  of  the 
short  period  mode  differed  from  measured  values  by  ten  percent  or  less. 
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Siniilar’ly,' calciilatec]  time  to  one-half  amplitude  differed  fr-om 
measured  values  by  an  average  error  of  about  ei^t  percent. 

Ihe  AFFDL  determined  that  MMLC  calculated  damping  ratios  and  natural 
frequencies  for  both  the  short  period  and  Dutch  roll  nodes  agreed  with 
measured  values  within  six  percent.  However,  the  standarxi  deviation 
of  the  damping  ratio  error  was  high,  about  25  percent. 

It  was  also  found  in  the  TACT  program  that  Digital  Datcom 
derivative  estimates  could  be  improved  by  modifying  predictions  with  wind 
tunnel  results.  The  AFFDL  compared  longitudinal  short  period  and 
lateral-directional  Dutch  roll  damping  ratios  and  natural  frequencies 
calculated  using  MMLE  determined  derivatives  with  wind  tunnel  modified 
Digital  Datcom  estimates.  Analysis  showed  that  the  MMLE  calculated  short 
period  natural  frequencies  differed  from  the  modified  Digital  Datcom 
estimates  by  an  average  of  only  three  percent;  however,  the  standard 
deviation  of  this  error  was  18  percent.  The  modified  Digital  Datcom 
short  period  damping  ratio  estimates  differed  from  MMLE  calculated  results 
by  24  percent,  and  the  standard  deviation  of  these  errors  was  18  percent. 
Similarly,  MMLE  calculated  Dutch  roll  natural  frequencies  differed  from 
the  modified  Digital  Datcom  estimates  by  an  average  of  seven  percent,  MMLE 
Calculated  Dutch  roll  damping  ratio  differed  from  estimates  by  17  percent 
with  an  error  standard  deviation  of  29  percent. 

Derivative  accuracy  certainly  effects  the  utility  of  using  stability 
derivatives  for  engineering  analysis.  Results  of  dynamic  parameter  analysis 
using  stability  derivatives  are  very  sensitive  to  variations  in  the  values 
of  the  various  derivatives  used.  This  sensitivity,  and  how  it  relates  to 
accuracy  will  be  examined  in  Secrtion  6. 


283 


SECTION  6 


V' 


PARAMETtER  ANALYSIS 


INTRODUCTION 

Parameter  analysis  is  putting  results  obtained  thru  the  use  of  parameter 
estimtion  techniques  to  good  use.  This  includes  using  stability  derivatives 
in  the  analysis  of  aircraft  flying  qualities.  The  most  obvious  application 
is  the  construction  of  an  engineering  or  operational  simulator  which  "flies" 
exactly  like  the  real  aircraft.  This  requires  "very  good"  aircraft  and 
control  system  mathematical  models  and  "accurate"  stability  derivatives. 

The  terms  "very  good"  and  "accurate"  renain  undefined  even  after  the  dis¬ 
cussion  in  Section  5. 

Parameter  estimation  techniques  which  are  used  to  extract  stability 

derivatives  fron  fli^t  test  data  provide  an  independent  test  whose  results  can 

be  correlated  with  classical  and  SIFT  fli^t  test  results.  The  ATTTC  has 

found  that  the  independence  of  test  techniques  allows  the  development  of  a 

more  optimum  test  plan  which  uses  both  the  new  and  classical  test  methods. 

Significant  reductions  have  been  made  in  the  amount  of  flight  test  time 

106 

necessary  to  define  flying  quality  characteristics. 

Stability  derivatives  have  been  extracted  using  MMLE  techniques  during 
most  of  the  recent  prototype  and  production  aircraft  flight  test  programs  at 
the  AFFTC.  During  one  of  these  programs,  records  were  maintained  of  the 
dedicated  flight  test  time  devoted  to  classical  stability  and  control 
maneuvers  and  those  flight  hours  devoted  to  parameter  estimation  using  MMLE 
techniques.  An  analysis,  based  on  hindsi^t,  showed  that  flying  qualities 
flight  test  time  could  have  been  reduced  nearly  75  percent  by  the  proper 
application  of  MMLE  techniques;  however,  this  total  time  did  not  include 
the  evaluation  of  all  flying  quality  parameters.  The  evaluation  of  longitudinal 
characteristics  such  as  the  variation  of  elevator  control  force  and  deflection 
with  velocity  and  certain  roll  perfomnnce  parameters  must  be  done  using 
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classical  Dight  test  techniques.  However,  the  longitudinal  short  period 

frequency  and  damping  ratios  of  aircraft  with  active  control  systems  can 

^  106 
only  be  qi^antified  using  MMLE  techniques. 

The  AFFTC  has  had  significant  success  with  the  method  of  parameter 
identification,  and  neny  evaluations  recently  accoirplished  would  have  been 
impossible  without  its  use.  Current  examples  of  the  application  of 
parameter  analysis  techniques  will  be  given  in  later  revisions  of  this 
chapter  if  there  is  an  increase  in  the  scope  of  the  Dynamic  Parameter 
Analysis  course  presaitly  tau^t  at  the  USAF  Test  Pilot  School. 
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SECTION  7 

OTOER  USES  OF  SYSTEMS  IDENTinCATION 


This  section  will  include  application  of  systems  identification  and 
parameter  estimation  techniques  to  flight  test  problems  other  than  the 
extraction  of  stability  and  control  derivatives,  e.g.,  aircraft  performance 
and  associated  weapons  system  analysis. 


SECTION  8 
THE  MMLE  PROGRAM 

This  section  will  discuss  in  detail  the  use  of  MMLE  techniques  at  the 
USAF  Test  Pilot  School  for  the  extraction  of  stability  derivatives.  It  will 
be  included  in  this  text  at  scane  future  date  when  the  School  develops  an 
in-house  derivative  extraction  capability.  Until  that  time  Reference  60, 
Nagy's  report  will  serve  as  the  "cookbook"  for  use  of  the  AFFTC  MMLE  program. 
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